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Abstract 
ABSTRACT 
In chapter 1 an overview of protein folding and its aggregation is given. Starting from the 
earliest concept of sequential or hierarchical pathway to the current view of biding 
funnel hypothesis, we have outlined several different models that have been proposed in 
connection with protein folding phenomena. An account of 'molten globule' is given 
with respect to its structure, characterization, role in protein folding and possible 
physiological significance. Further we have discussed protein aggregation in relation to 
importance of such studies in medicine and biotechnology, various classes of orotein 
aggregates, their structure and morphology, proposed mechanisms of aggregation. \ brief 
account of techniques that are used to characterize and aggregates is mentioned. We have 
also summarized various intrinsic and extrinsic factors that are known to in luence 
aggregation of proteins alongside different ..strategies that have been proposed to inhibit 
this self-assembly process. Next we have discussed about the common features c f plant 
cysteine proteases, given an account of their vast industrial as well as medicinal 
importance and concluded with discussion relating to the importance of foldiig and 
aggregation studies on this class of proteins. 
In chapter 2 the characterization of an acid-induced molten globule (MG) state of 
chymopapain has been discussed. Earlier, an acid-induced MG state of this prottin was 
reported to exist at pH 1.0, based only upon maximum ANS fluorescence intensit>. We 
sought to characterize the MG-state in detail. Far-UV CD measurement showed that at 
pH 1.5, chymopapain was found to maintain -62% of a-helical structure with respect to 
native state, while at pH 1.0 the protein acquired an unordered confirmation with only 
20% of the helical structure retained. The ratio [9]208 nin/[6]222 nm was found to be 0.79, 
1.17 and 1.94 for chymopapain incubated at pH 7.4, pH 1.5 and pH 1.0 respectively. The 
ratio 1.17 acquired at pH 1.5 matched well with the range (1.1-1.4) that hss been 
observed for the MG-state of a large number of different proteins, while the ratio 1.94 
obtained at pH 1.0 was far beyond this range. Near-UV CD and intrinsic fluorescence 
measurements indicated that protein conformation under acidic conditions is different 
from native and 6M GuHCl denatured state. The dynamic light scattering (DLS) studies 
showed that Rh was increased by 15.3 % at pH 1.5 and 38.4 % at pH 1.0 with respect to 
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the native state. At pH 1.5, a marked increase (-30 times) in ANS fluorescence along 
with a blue shift of 23 nm (515 nm to 483 nm) was observed indicating enhanced 
exposure of solvent accessible hydrophobic clusters. However, maximum ANS 
fluorescence was observed at pH 1.0, in agreement with previous reports. The 
spectroscopic measurements showed that although maximum ANS fluorescence intensity 
was observed at pH 1.0, however protein exhibited -80% loss of secondary structure 
which does not comply with the characteristics of a typical MG-state. In contrast at pH 
1.5, chymopapain retained substantial amount of secondary structure, disrupted side 
chain interactions, increased hydrodynamic radii and nearly 30-fold increase in ANS 
fluorescence with respect to the native state, indicating that MG-state exists at pH 1.5 and 
not at pH 1.0. ITC measurements revealed that ANS molecules bound to chymopapain 
via hydrophobic interaction were more at pH 1.5 than at pH 1.0. However, a large 
number of ANS molecules were also involved in electrostatic interaction with protein at 
pH 1.0 which, together with hydrophobically interacting molecules, may be responsible 
for maximum ANS fluorescence. We concluded that the conformation of protein 
examined at pH 1.5 has all the characteristics of a MG-state. 
In chapter 3 we studied SDS-induced changes in conformation of stem bromelain (SB). 
The study was carried out at pH 2.0 where this protein acquires a partially folded 
intermediate (which has already been characterized in our lab). The CMC of SDS in 20 
mM Gly-HCl buffer pH 2.0 at 25 °C was found to be 1250 nM. It was observed that in 
the presence of sub-micellar SDS concentration (500-1000 |iiM), this partially folded 
intermediate exhibits great propensity to form fibrillar aggregates In contrast, post-
micellar concentration of SDS (2000-8000 )aM) suppressed fibrillation. A comparative 
analysis was done using an oppositely charged surfactant i.e. CTAB revealed that CTAB 
could not generate fibril formation in SB at either sub-micellar (< 250 |iM) or post-
micellar (>250 |iM) concentration suggesting that ionic interactions play an important 
role in the SDS-induced fibrillation of SB. In case of SDS, maximum increase in light 
scattering intensity and turbidity was noticed between 500 to 1000 |iM SDS. Far-UV CD 
spectroscopy revealed that the PFI transformed into a conformation with pronounced P-
sheet secondary structure in the presence of 500 ).iM SDS. This suggests that aggregates 
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of SB have characteristics of amyloid fibrils. Intrinsic fluorescence analysis revealed that 
A^Tiax of native SB (347 nm) was only slightly perturbed upon formation of PFI (345 nm). 
However, the Vax was remarkably blue shifted (335 nm) with simultaneous increase in 
fluorescence intensity upon treatment with same SDS concentration. Addition of 
increasing concentration of sub-micellar SDS concentration led to a progressive increase 
in ThT fluorescence intensity which further supported formation of fibrillar species 
Besides, TEM analysis also revealed formation of straight unbranched fibrils. Gi^  en the 
formation of PFI under acidic conditions (as in the gastrointestinal tract) and its potential 
to form fibrillar aggregates upon interaction with SDS, a biological membrane mimetic, 
the study suggested that apart from studying its benefits, SB should also be examined for 
its in vivo aggregation and influences of such behavior, if any, on host. Besides, care 
should be exercised in the use of excipients while preparing pharmaceutical formulation 
of SB. 
In Chapter 4, we studied the effect of two small organic molecules ANS and bis-ANS on 
the SDS-induced fibrillation of SB. While bis-ANS significantly inhibited fibril 
formation at 50 ^M, ANS did so at relatively higher concentration (400 |AM). The 
inhibitory constants (A-value) as determined from Rayleigh light scattering data were 
found to be 8.33x10^ M'' and 27.59x10^ M"' for ANS and bisANS respectively which 
suggests that bis-ANS is about 3-fold more potent inhibitor than ANS. The rate constants 
for SDS-induced fibrillation of SB were kfast ~ 72x10"^ s'' and ksiow ~ 12x 10'^  s"'. The rate 
constant obtained in presence of ANS were kfast ~ 501x10"^ s'' and ksiow ~ 12x|0'^ s"' 
which shows that ANS affects the rapid phase of SB aggregation. Alcohols, but nt t salts, 
were found to weaken the inhibitory action of these compounds such that at 15% 
isopropanol, the bis-ANS-mediated inhibition was reduced by about 50%. This suj^ gested 
possible involvement of hydrophobic interactions in their binding to protein. Isotnermal 
titration calorimetry data revealed that binding of both naphthalene derivatives tc SB at 
different temperatures was accompanied by favorable enthalpic change (AH < 0) and 
unfavorable entropic change (AS < 0) suggesting the involvement of H-bonding and/or TI-
n stacking. Molecular docking studies unveiled that in addition to hydrophobic 
interactions and H-bonding, stacking or n-n interactions between the aromatic rings of 
ANS/bis-ANS and those of aromatic amino acid residues of SB are also involved to a 
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noticeable extent in the binding of ANS and bis-ANS to SB. Taken together, the above 
findings led us to conclude that inhibition of SB fibrillation by these naphthalene 
derivatives is mediated not just through hydrophobic forces, but also by disruption of 71-71 
interactions between the aromatic residues together with the inter-polypeptide chain 
repulsion among negatively charged ANS/bis-ANS bound SB. 
In chapter 5 we demonstrate that papain, a well-utilized enzyme of great industrial and 
medicinal importance, undergoes thermal aggregation. Initially, the thermal unfolding of 
papain was monitored at different concentrations by far-UV CD. It was observed that 
protein significantly unfolds between 50-80 "C. In addition, the thermal melting of this 
protein was found to be an irreversible process. To explore the cause of irreversible 
unfolding, the turbidity of protein was monitored with respect to temperature and it was 
observed that protein unfolding above 50 °C is accompanied by simultaneous aggregation 
process. This thermal aggregation behavior of papain was observed over a concentration 
range of 3-40 ^M. The aggregation was also confirmed by increase in light scattering 
intensity and enhancement of ANS fluorescence intensity. The morphology of the 
aggregates was examined by transmission electron microscopy where aggregates with 
disordered or amorphous appearance were observed. Further, we monitored the influence 
of post-micellar SDS concentration on aggregation of papain. It was found that SDS 
potentially inhibits the self-assembly of papain as demonstrated by insignificant turbidity, 
reduced light scattering intensity and significantly lowered ANS fluorescence intensity. 
The calculated percent a-helical content was found to decrease from 24 % at 25 °C to 
nearly 3% at 85 °C in the absence of SDS. However, incubation with 6 mM SDS 25 °C 
led to an increase in a-helical content to 32 %. Heating up to 85 °C led to only an 
immoderate decrease (24 %) in helicity. These observations led us to conclude that 
increased helical content as induced by SDS might have stabilized papain against thermal 
denaturation. The results obtained from activity measurements clearly showed papain to 
be functionally inactive when incubated with post-micellar SDS concentration. We 
conclude that promoting the helical propensity of protein to attain aggregation inhibition 
may not be a successful strategy to overcome the aggregation-related problems of 
enzymes such as papain. 
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Abstract 
ABSTRACT 
In chapter 1 an overview of protein folding and its aggregation is given. Starting Irom the 
earliest concept of sequential or hierarchical pathway to the current view of folding 
funnel hypothesis, we have outlined several different models that have been proposed in 
connection with protein folding phenomena. An account of 'molten globule' is given 
with respect to its structure, characterization, role in protein folding and possible 
physiological significance. Further we have discussed protein aggregation in relation to 
importance of such studies in medicine and biotechnology, various classes of protein 
aggregates, their structure and morphology, proposed mechanisms of aggregation A brief 
account of techniques that are used to characterize and aggregates is mentioned. \Ve have 
also summarized various intrinsic and extrinsic factors that are known to influence 
aggregation of proteins alongside different strategies that have been proposed to inhibit 
this self-assembly process. Next we have discussed about the common features of plant 
cysteine proteases, given an account of their vast industrial as well as medicinal 
importance and concluded with discussion relating to the importance of folding and 
aggregation studies on this class of proteins. 
In chapter 2 the characterization of an acid-induced molten globule (MG) state of 
chymopapain has been discussed. Earlier, an acid-induced MG state of this protein was 
reported to exist at pH 1.0, based only upon maximum ANS fluorescence intensity. We 
sought to characterize the MG-state in detail. Far-UV CD measurement showed that at 
pH 1.5, chymopapain was found to maintain -62% of a-helical structure with respect to 
native state, while at pH I.O the protein acquired an unordered confirmation with only 
20% of the helical structure retained. The ratio [0]2O8 nm/[6]222 nm was found to i-»e 0.79. 
1.17 and 1.94 for chymopapain incubated at pH 7.4, pH 1.5 and pH 1.0 respectively. The 
ratio 1.17 acquired at pH 1.5 matched well with the range (1.I-I.4) that his been 
observed for the MG-state of a large number of different proteins, while the raio 1.94 
obtained at pH 1.0 was far beyond this range. Near-UV CD and intrinsic fluorescence 
measurements indicated that protein conformation under acidic conditions is cifferent 
from native and 6M GuHCl denatured state. The dynamic light scattering (DLS) studies 
showed that ^h was increased by 15.3 % at pH 1.5 and 38.4 % at pH 1.0 with respect to 
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the native state. At pH 1.5, a marked increase (-30 times) in ANS fluorescence along 
with a blue shift of 23 nm (515 nm to 483 nm) was observed indicating enhanced 
exposure of solvent accessible hydrophobic clusters. However, maximum ANS 
fluorescence was observed at pH 1.0, in agreement with previous reports. The 
spectroscopic measurements showed that although maximum ANS fluorescence intensity 
was observed at pH 1.0, however protein exhibited -80% loss of secondary structure 
which does not comply with the characteristics of a typical MG-state. In contrast at pH 
1.5, chymopapain retained substantial amount of secondary structure, disrupted side 
chain interactions, increased hydrodynamic radii and nearly 30-fold increase in ANS 
fluorescence with respect to the native state, indicating that MG-state exists at pH 1.5 and 
not at pH 1.0. ITC measurements revealed that ANS molecules bound to chymopapain 
via hydrophobic interaction were more at pH 1.5 than at pH 1.0. However, a large 
number of ANS molecules were also involved in electrostatic interaction with protein at 
pH 1.0 which, together with hydrophobically interacting molecules, may be responsible 
for maximum ANS fluorescence. We concluded that the conformation of protein 
examined at pH 1.5 has all the characteristics of a MG-state. 
In chapter 3 we studied SDS-induced changes in conformation of stem bromelain (SB). 
The study was carried out at pH 2.0 where this protein acquires a partially folded 
intermediate (which has already been characterized in our lab). The CMC of SDS in 20 
mM Gly-HCl buffer pH 2.0 at 25 "C was found to be 1250 ^M. It was observed that in 
the presence of sub-micellar SDS concentration (500-1000 ^M), this partially folded 
intermediate exhibits great propensity to form fibrillar aggregates In contrast, post-
micellar concentration of SDS (2000-8000 |aM) suppressed fibrillation. A comparative 
analysis was done using an oppositely charged surfactant i.e. CTAB revealed that CTAB 
could not generate fibril formation in SB at either sub-micellar (< 250 |iM) or post-
micellar (>250 nM) concentration suggesting that ionic interactions play an important 
role in the SDS-induced fibrillation of SB. In case of SDS, maximum increase in light 
scattering intensity and turbidity was noticed between 500 to 1000 |aM SDS. Far-UV CD 
spectroscopy revealed that the PFl transformed into a conformation with pronounced P-
sheet secondary structure in the presence of 500 ^M SDS. This suggests that aggregates 
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of SB have characteristics of amyloid fibrils. Intrinsic fluorescence analysis revelled that 
Xmax of native SB (347 nm) was only slightly perturbed upon formation of PFI (;45 nm). 
However, the Vax was remarkably blue shifted (335 nm) with simultaneous inc rease in 
fluorescence intensity upon treatment with same SDS concentration. Addition of 
increasing concentration of sub-micellar SDS concentration led to a progressive increase 
in ThT fluorescence intensity which further supported formation of fibrillar species 
Besides, TEM analysis also revealed formation of straight unbrarvched fibrils. Given the 
formation of PFI under acidic conditions (as in the gastrointestinal tract) and its ootential 
to form fibrillar aggregates upon interaction with SDS, a biological membrane mimetic, 
the study suggested that apart from studying its benefits, SB should also be examined for 
its in vivo aggregation and influences of such behavior, if any, on host. Besides, care 
should be exercised in the use of excipients while preparing pharmaceutical formulation 
of SB. 
In Chapter 4, we studied the effect of two small organic molecules ANS and bis-ANS on 
the SDS-induced fibrillation of SB. While bis-ANS significantly inhibited fibril 
formation at 50 ^M, ANS did so at relatively higher concentration (400 piM). The 
inhibitory constants (A-value) as determined from Rayleigh light scattering data were 
found to be 8.33x10^ M"' and 27.59x10^ M"' for ANS and bisANS respectively which 
suggests that bis-ANS is about 3-fold more potent inhibitor than ANS. The rate constants 
for SDS-induced fibrillation of SB were kfast ~ 72x 10"^  s"' and ksiow ~ 12x 10"^  s ' . The rate 
constant obtained in presence of ANS were kfast ~ 501x10"^ s"' and ksiow ~ 12<I0"^ s"' 
which shows that ANS affects the rapid phase of SB aggregation. Alcohols, but not salts, 
were found to weaken the inhibitory action of these compounds such that at 15% 
isopropanol, the bis-ANS-mediated inhibition was reduced by about 50%. This suggested 
possible involvement of hydrophobic interactions in their binding to protein. Isothermal 
titration calorimetry data revealed that binding of both naphthalene derivatives o SB at 
different temperatures was accompanied by favorable enthalpic change (AH < 0) and 
unfavorable entropic change (AS < 0) suggesting the involvement of H-bonding and/or n-
71 stacking. Molecular docking studies unveiled that in addition to hydrophobic 
interactions and H-bonding, stacking or TI-TI interactions between the aromatic rings of 
ANS/bis-ANS and those of aromatic amino acid residues of SB are also invohed to a 
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the native state. At pH 1.5, a marked increase (-30 times) in ANS fluorescence along 
with a blue shift of 23 nm (515 nm to 483 nm) was observed indicating enhanced 
exposure of solvent accessible hydrophobic clusters. However, maximum ANS 
fluorescence was observed at pH 1.0, in agreement with previous reports. The 
spectroscopic measurements showed that although maximum ANS fluorescence intensity 
was observed at pH 1.0, however protein exhibited -80% loss of secondary structure 
which does not comply with the characteristics of a typical MG-state. In contrast at pH 
1.5, chymopapain retained substantial amount of secondary structure, disrupted side 
chain interactions, increased hydrodynamic radii and nearly 30-fold increase in ANS 
fluorescence with respect to the native state, indicating that MG-state exists at pH 1.5 and 
not at pH 1.0. ITC measurements revealed that ANS molecules bound to chymopapain 
via hydrophobic interaction were more at pH 1.5 than at pH 1.0. However, a large 
number of ANS molecules were also involved in electrostatic interaction with protein at 
pH 1.0 which, together with hydrophobically interacting molecules, may be responsible 
for maximum ANS fluorescence. We concluded that the conformation of protein 
examined at pH 1.5 has all the characteristics of a MG-state. 
In chapter 3 we studied SDS-induced changes in conformation of stem bromelain (SB). 
The study was carried out at pH 2.0 where this protein acquires a partially folded 
intermediate (which has already been characterized in our lab). The CMC of SDS in 20 
mM Gly-HCl buffer pH 2.0 at 25 °C was found to be 1250 ^M. It was observed that in 
the presence of sub-micellar SDS concentration (500-1000 |iM), this partially folded 
intermediate exhibits great propensity to form fibrillar aggregates In contrast, post-
micellar concentration of SDS (2000-8000 |xM) suppressed fibrillation. A comparative 
analysis was done using an oppositely charged surfactant i.e. CTAB revealed that CTAB 
could not generate fibril formation in SB at either sub-micellar (< 250 nM) or post-
micellar (>250 nM) concentration suggesting that ionic interactions play an important 
role in the SDS-induced fibrillation of SB. In case of SDS, maximum increase in light 
scattering intensity and turbidity was noticed between 500 to 1000 ^M SDS. Far-UV CD 
spectroscopy revealed that the PFI transformed into a conformation with pronounced P-
sheet secondary structure in the presence of 500 ^M SDS. This suggests that aggregates 
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CHAPTER 1 
Review of literature j Chipter-1 
Protein folding and aggregation: An overview and 
relevance for plant cysteine proteases 
1.1. Protein folding 
Proteins are the crucial component of biological machinery that run living organisms. 
These biomolecules, having diverse structure and functions, are synthesized in cellular 
factory known as ribosomes. The linear covalent structure of polypeptide produced by the 
ribosomes is ultimately headed towards specific native conformation. This process which 
is guided by the amino acid sequence of polypeptide is known as 'protein folding'. 
Understanding how this process occurs is one of the greatest challenges in protein 
science. The unique three-dimensional structure of a polypeptide provides it ^vith a 
specific surface pattern including shape, charge and hydrophobicity. This characteristic 
surface pattern also determines the functional diversity among protein molecules. 
1.1.1. Forces underlying protein folding and structure 
In a globular protein, the internal core comprises mainly of hydrophobic amino acid 
residues while the surface of the molecules is occupied by polar residues. The peptide 
backbone as well as side chains which are considerably mobile in an unfolded 
polypeptide become somewhat fixed as a result of folding. This is due to the interplay of 
specific intramolecular forces and energies as shall be discussed briefly. 
1.1.1.1. Hydrophobic effect-In context of protein stability, the hydrophobic effect efers 
to the energetic consequences of removing apolar group fiiom the interior of protein to its 
surface. Earlier, hydrophobic effect used to be considered mainly an entropic effect 
arising from restructuring of water molecules around the apolar surface. As this hydration 
process is energetically unfavorable it causes the polypeptide to undergo a 
conformational change so as to minimize the exposed surface area. Later studies have 
revealed that hydrophobic effect is actually an outcome of both hydration (entropic 
effect) as well as van der Waals interactions between solute molecules [Makhatadze and 
Privalov 1995]. The strength of hydrophobic effect depends upon temperature such that 
at low temperature entropic contribution exceeds while at higher temperature enthalpic 
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contribution is predominant [Schellman 1997]. As the hydrophobic effect results in rapid 
collapse of the polypeptide chain, it increases the rate of folding by reducing the 
configurational space to search for. And therefore it is considered as the major driving 
force of protein folding [Dill 1990]. 
1.I.L2. Hydrogen bonding- Hydrogen bonds are non covalent interactions that involve 
partial sharing of hydrogen atom between a donor such as hydroxyl (-OH) or amine (-
NH) group and an electronegative acceptor atom mainly oxygen or nitrogen. These 
constituents are abimdantly present in protein molecules such as peptide backbone (-NH 
as hydrogen donor and -C=0 as hydrogen acceptor) and side chains of several amino 
acid residues. Although perceived as charge-charge interaction, hydrogen bond is actually 
a dipole-dipole interaction involving permanent dipoles. 
1.1.1.3. Electrostatic interactions - Electrostatic interactions require their partners to 
exist in ionized form such as NHs"^  and COO' group and also the side chains of polar 
residues. Electrostatic interactions have been an area of active research [Azia and Levy 
2009; Marshall et al. 2002]. Unlike non-specific nature of hydrophobic forces and 
hydrogen bonds, electrostatic interactions are largely specific in nature and thus play 
important role in protein conformation as well as its function. Depending upon their 
ionization states, electrostatic interactions may either stabilize or destabilize protein 
conformation. For instance salt bridges have been found to contribute significantly to the 
thermal stability of thermophilic organisms [Lam et al. 2011]. 
1.1.1.4. Configurational entropy - The intramolecular interactions discussed so far are 
the one which tend to stabilize the native structure of protein. Configurational entropy, on 
the other hand, has an inverse effect i.e. it destabilizes the protein structure. This is 
because configurational entropy or degree of fi-eedom available to the protein decreases 
as the unfolded polypeptide folds into native state. This decrease comes fi-om restricted 
mobility of both polypeptide backbone as well side chains [Jaenicke 2000]. It is obvious 
that peptide backbone of those residues which are most buried within the core of the 
protein will experience lesser degree of freedom than those which are located on the 
surface of the molecule. Additionally, change in the configurational entropy of burying a 
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side chain will be more pronounced since they have considerable flexibility on the 
surface. The entropic change is also determined by amino acid composition. For example 
a protein molecule rich in proline residues will have lower entropy in unfolded state and 
therefore will be more stable in folded state. The reverse will be true for glycire rich 
protein. 
1.1.2. Protein folding problem 
The central dogma of molecular biology states that nucleic acid encodes the sequence of 
proteins. Since the Anfmsen's famous experiment [Anfinsen 1973], a plausible extension 
of the central dogma would be to add that amino acid sequence of protein encodes its 
three-dimensional structure. Indeed, this remarkable observation of Anfinsen has now 
recommended for considering the "second half of the genetic code". And cracking this 
code is equivalent to solving protein folding problem. To put it simply, protein folding 
problem refers to the query as to how the information contained within the amino acid 
sequence is translated into the three-dimensional structure. 
If one assumes that polypeptide chain randomly search for all the possible configurations 
it can acquire and if each peptide bond has three possible states, than total number of the 
configurations searched by a polypeptide a small polj^peptide of 100 amino acid residues 
will be 3'*'"= 5 x lO"*'. The time taken to try all these configurations at the rate of lO'^  per 
second would be 10^ ^ years. This contradiction was reported by Cyrus Levinthal in 1969 
and is now called as "Levinthal's paradox" [Levinthal 1969]. 
It is now clear that protein folding cannot proceed via random sampling of a l the 
conformations and there must be some specific folding pathways. The idea of existence 
of specific folding pathways inspired experimental investigations of specific folding 
intermediates and led the proposal of several models of protein folding. 
1.1.3. Models of protein folding 
1.1.3.1. Diffusion-collision model - Proposed by Karplus & Weaver [Karplus and 
Weaver 1994], diffusion collision (DC) model assumes protein to be divided into 
different parts such that amino acid sequence of each part contains information sufficient 
to fold independently. These parts which are called "microdomains" may be portion of 
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incipient secondary structures or hydrophobic clusters (Figure 1.1 A). The microdomain 
move diffusively and undergo microdomain-microdomain collision such that productive 
collision leads to coalescence of the microdomain into larger units. These multi-
microdomain intermediates then undergo mutual rearrangement to form the native 
tertiary structure. The diffusion process is assumed to be the rate-limiting step. Two main 
inferences can be drawn from DC model; (i) Protein folds through series of intermediate 
states and (ii) secondary structure elements are formed before tertiary structure. DC 
model has been supported by several experimental studies for example apomyoglobin 
[Nishimura et al. 2000], bamase [Wong et al. 2000] and engrailed homeodomain (En-
HD) [Mayor et al. 2003] etc. 
B 
Figure 1.1 Schematic representation of several protein folding models. (A) Diffusion-collision model (B) 
Nucleation-condensation model and (C) Hydrophobic collapse models. The figure is a modified version 
from [Liu 2012]. 
1.1.3.2. Framework model - This model was given by Baldwin [Baldwin 1989].^This 
model states that protein folding is a hierarchal process in which formation of native 
secondary structure precedes formation of tertiary contacts. In principle, the framework 
model is similar to the DC model in the sense that both assumes protein folding to 
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proceed in stepwise manner where local structure are formed initially and their 
subsequent interaction or collision lead to the formation more complex structure. 
1.1.3.3. Nucleation-condensation model - The Nucleation-condensation (NC) model of 
protein folding was given by Fresht [Fersht 1995]. NC model states that folding oegins 
with a formation of marginally stable nucleus, involving relatively small number of 
residues, about which the rest of the molecule condenses rapidly (Figure LIB). This 
significantly reduces the number of conformations required to be sampled in the folding 
reaction. NC model holds a key feature that both secondary and tertiary contacts are 
formed simultaneously to form the nucleus. This contrasts with DC model which assumes 
folding to be a hierarchal procedure where secondary structure is formed independent of 
the tertiary structure, Thus, the two model differ on whether protein folding is a 
sequential (DC model) or a concerted (NC model) process. 
1.1.3.4. Jigsaw puzzle model - Jigsaw puzzle model was proposed by Harrison and 
Durbin in 1985 [Harrison and Durbin 1985]. This model opposes the existence of single 
definitive folding pathway involving sequence of events and states that protein folds by 
large number of different, parallel folding routes just like there are multiple ways to solve 
a jigsaw puzzle. This model also helps understand as to why mutations do not adversely 
affect native structure of protein. The jigsaw puzzle model is actually consistent with the 
latest "energy landscape" view of protein folding as shall be discussed later. 
1.1.3.5. Hydrophobic collapse model - This model is based on the idea that, since the 
interior core of the native state of protein contains mainly the hydrophobic residues while 
charged residues are on the surface, therefore a rapid hydrophobic collapse must be an 
initial event of the folding of a nascent polypeptide chain which results in the formation 
of a collapsed intermediate [Dill 1985]. Subsequently, the secondary or the tertiary 
structures are formed within this intermediate (FigureI.IC). Highlighting the "earliest 
event" of the folding, this model explains that the side chains of hydrophobic residues are 
pulled away from water in the same way as the oil droplets get clumped together in 
water. 
It should be noted that the folding models described above are not mutually exclusive but 
rather they are interconnected is some or the other way. Each model attempts to highlight 
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different aspects of protein folding and also, experimental evidences have been provided 
in support of each of them. 
1.1.3.6. Folding funnel hypothesis &free energy landscape - From above discussion it 
is clear that protein folding is a complex process involving series of complicated events. 
Attempts have been made to solve this complexity by applying statistical approach to the 
energetics of protein conformation: the energy landscape [Bryngelson et al. 1995; 
Frauenfelder et al. 1991]. 
Energy landscapes are the mathematical tools that help understand the microscopic 
behavior of a molecular system. Energy landscape of protein-solvent system system with 
n degrees of freedom is defined by an energy function F(x) = F(x\, X2, ...., Xn), where 
X],...., Xn are the variables describing microscopic state of the protein, for example 
dihedral angles of the peptide chain. F(x) is then usually defined as the free energy of a 
given conformation of the protein, where the entropic part comes from all possible 
solvent configurations and solute conformational states and the enthalpic part comes from 
the formation of noncovalent bond within the protein as well as formation and loss of 
bonds or interactions between protein and solvent. Thus, folding process can be viewed 
as a search for global free energy minima value by solving the free energy function. 
For polypeptides with random amino acid sequences, which usually does not have a well-
defined stable conformation, the energy landscape may either be very rugged containing 
too many local minima (system like this can easily get trapped in one of the minima) or 
very large flat energy surface (such system keeps walking randomly on the flat surface 
and never find the minimum) [Plotkin et al. 1996]. 
Real proteins, on the other hand, are not random as they contain optimized sequences, 
acquired during the course of evolution, which allow them to fold rapidly and efficiently 
into well-defined stable native conformation [Onuchic and Wolynes 2004]. In order to be 
able to fold quickly and efficiently, the energy landscape of natural protein must be tilt 
and funnel-shaped. 
A funnel-shaped energy landscape means that free energy of the protein structure is 
inversely proportional to its closeness to the native state as shown in Figure 1.2. It also 
implies that protein folding can proceed via multiple routes (as also postulated by jigsaw 
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puzzle model). The broad top of the funnel represents a large ensemble of unfolded 
polypeptides with high free energy and conformation entropy. As folding proceeds, there 
occurs a progressive reduction in the number of accessible conformational states such 
that at the narrow bottom, there remains unique native state having minimum free energy 
as well as conformational entropy. This makes the shape of the protein folding landscape 
look like a funnel. 
Conformational Entropy 
Denatured states 
I 
Conformational Substates 
Figure 1.2 A rugged funnel-shaped free energy landscape describing the detailed processes and 
intermediates in the folding reaction. 
The most realistic protein folding funnel is the one which carries information about 
kinetics, barrier heights, smoothness and shape of the landscape. Under inappropriate 
folding conditions, the funnel will become shallow causing the polypeptide to wander 
and spend most of their time around the upper part of the funnel leading to slow folding 
[Dill and Chan 1997]. Once the appropriate conditions are provided, funnel gets stretched 
down forming a steep slope, thereby allowing the downhill movement of molecules 
towards native state. 
The energy landscape and folding funnel view represent a more comprehensive picture of 
protein folding and enable one to understand different scenarios of the folding, 
highlighted by different folding models described above. The funnel-shaped energy 
Chapter-1 I Review of literature 
landscapes help characterizing several events on the route of protein folding such as 
formation of molten globules, trapping of folding intermediates in the local minima, 
overcoming the local energy barrier, formation of transition state ensembles, 
reconfiguration of tertiary interactions and various thermodynamic as well as kinetic 
aspects of protein structure. Therefore, this latest view has progressively replaced the 
classical model of a hierarchal folding pathway. 
1.1.4. Molten globules 
As discussed earlier, "Lavinthal paradox" (1969) inspired folding studies on a number of 
globular studies to detect the specific "folding intermediates" [Kuwajima et al. 1976; 
Nozaka et al. 1978; Wong and Tanford 1973]. Several equilibrium intermediates were 
traced out from different proteins having considerable structural similarity. In 1983, 
Oghushi and Wada proposed the term "molten globule" for the equilibrium intermediates 
and related them to the general physical state of globular protein [Ohgushi and Wada 
1983]. 
1.1.4.1. Characteristics of molten globule (MG) state - As described by Kuwajima [Arai 
and Kuwajima 2000], the common features of MG state are: 
> Presence of substantial amount of secondary structure as revealed by far-UV circular 
dichroism (CD) or fourier transform infra-red (FTIR) spectroscopy 
> Absence of most of the specific tertiary contacts and loss of tight packing of the side 
chain residues as evidenced by Trp fluorescence or near-UV CD or NMR. 
> Compactness closer to the native state with radius 10%-30% larger than former. This 
can be measured by techniques such as intrinsic viscosity, dynamic light scattering 
(DLS), size exclusion chromatography (SEC), or small angle X-ray scattering. 
> Presence of loosely packed solvent-accessible hydrophobic core with ability to bind 
hydrophobic dyes such as ANS. 
Dyes such as ANS are frequently used to suggest the presence of MG state, owing to 
their preferential binding to the intermediate as compared to the native or denatured state. 
However, it should be noted that in the absence of other criteria listed above, ANS 
fluorescence alone is insufficient to characterize an intermediate as molten globule. This 
is due to the fact that, under conditions such as low pH, ANS can also interact 
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electrostatically to the positively charged centers of protein (Arg, Lys. His) through its 
sulfonate (SO ;) moiety, thereby increasing the fluorescence intensity (Kirk et al 1996; 
Matulis and Lovrien 1998). Besides, ANS tends to increases the propensity of nolten 
globule and other compact denatured states to aggregate which may also be responsible 
for the observed enhancement in fluorescence intensity [McDuff et al. 2004; Povarova et 
al. 2010]. 
1.1.4.2. Models of molten globule 
Traditionally, it was assumed that in MG conformation, backbone of protein has a native-
like fold while side chains remain in a disordered state [Ptitsyn 1992] as shown in Figure 
1.3B. This view was challenged by energy landscape theory and it was argued that when 
backbone is ordered, the side chains are unlikely to remain unordered [Arai and 
Kuwajima 2000; Privalov 1996]. Therefore MG state must have some portion of the 
structure already in folded state while the remaining is still unfolded as shown in figure 
1.3C. 
C 
Figure 1.3 Illustration of different models for the structure of molten globule. The thick line represents the 
backbone of the protein while pieces of various shapes hanging represent the side chains. (A) Native state 
of protein representing the buried side chains fitting closely together like the pieces of a jigsaw puzzle. (B) 
The side chain molten globule model: the fold of the backbone is native-like but the side chains art only 
loosely packed (C) One-half of the molecule is fully folded, while the other half is completely unfolded. 
This figure is adapted from [Szilagyi A 2007]. 
1.1.4.3. Experimental conditions to generate equilibrium molten globules 
Molten globules and other intermediate states have now been identified for a significant 
number of proteins and it is assumed that under appropriate conditions most of the 
proteins, if not all, can form such intermediate species. This leads to the idea that VIG 
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states are general intermediates in protein folding. MG can be populated under mild 
denaturing conditions such as low or high pH, high temperature/ pressure, moderate 
concentration of denaturants such as urea, guanidine hydrochloride, SDS and also in the 
presence of various salts and alcohols etc [Haq et al. 2002; Kobashigawa et al. 2000; Leal 
and Gomes 2007; Sen et al. 2008]. Most commonly, MG have been observed under 
acidic conditions where proteins brought to conditions of pH < 3.0 and moderate ionic 
strength exhibit the properties of MG state. Depending upon their behavior under acid 
denaturation conditions. Fink et al., have classified proteins into three types [Fink et al. 
1994]; 
> Type I: HCl titration of salt-free solution of protein leads to substantial unfolding at 
pH 2.0. Further titration with acid leads to collapse of the unfolded protein into compact 
intermediate or MG state, the A state at pH < 2.0. For example cytochrome c, myoglobin, 
papain. 
> Type II: Upon titration with HCl, these proteins do not unfold fully but transform 
directly into MG state at around pH 3.0. For example carbonic anhydrase, a-lactalbumin. 
> Type III: Acid-titration of these proteins does not cause their significant unfolding and 
they remain native-like to pH as low as 1.0, but in presence of urea such proteins may 
behave similar to type I. For example ubiquitine, concanavalin A, P-lactoglobulin. 
LL4.4. Role of molten globule in protein folding 
The study of molten globule was inspired by the assumption that MG state could be 
identical to the transient intermediates formed during protein folding. Using stopped-flow 
CD technique, Kuwajima and coworkers demonstrated the formation of an intermediate 
during refolding of a-lactalbumin, whose spectral properties resembled that of it's A state 
[Kuwajima et al. 1985]. These and other carefully done kinetic studies on the refolding of 
proteins such as interlukin-ip, staphylococcal nuclease and apomyoglobin [Heidary et al. 
1997; Jamin and Baldwin 1998; Maki et al. 1999], yielded firm evidences in support of 
the notion that MG state is the productive on-pathway folding intermediate in most of the 
cases. 
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1.1.4.5. Possible physiological relevance of molten globule 
Experimental evidences suggest that molten globule conformations are involved in 
membrane translocation. Further, the A-state of a-lactalbumin is found to induct ftision 
of the phospholipid vesicles. The MG conformation of diphtheria toxin, formed in the 
vicinity of pH 5.0, is correlated with its fusion with membranes (such as those of 
lysosome where low pH condition predominates). Similarly, membrane insertion of 
colicin A has been related with its transition into molten globule. Additionally, molten 
globule-like conformations of newly synthesized polypeptides are expected to bind to the 
molecular chaperones [Fink 1995]. 
1.2. Protein misfolding and aggregation 
Since the correct folding of protein into its native functional conformation is a 
challenging task inside the crowded milieu of the living cell, the failure to do so may 
result in pathological conditions collectively known as "protein misfolding diseases". 
There are several misfolding diseases with different pathological mechanisms including 
Alzheimer's, Parkinson's, Huntington's, Creutzfeldt-Jakob disease, type II diabetes etc to 
name a few. The majority of these are associated with the aggregation of proteins into 
organized fibrillar structures known as 'amyloid fibrils' which get deposited at dilferent 
locations inside the body. Such an unwanted aggregation may be a consequence of (1) 
loss of cellular protein quality-control, (2) inability of ubiquitine-proteosome complex to 
degrade and eliminate misfolded aggregation prone molecules, (3) inefficient functioning 
of molecular chaperone machinery, (4) normal cellular transport of protein being 
hampered, (5) inappropriate protease activity producing amyloidogenic fragments of 
protein, (6) destabilizing mutations and so on [Balch et al. 2008]. The accumulation of 
aggregates may take place both extracellulary and intracellulary. The term "amyloid' was 
first coined by Rudolf Virchow for a structured mass in human tissue on the basis of its 
ability to be stained by iodine [Falk and Skinner 2000]. The proteinaceous nature of 
amyloid structure was proved later through direct chemical analysis. 
Earlier, the ability to form well-ordered fibrillar structure was attributed only the proteins 
responsible for pathological conditions. It has now been widely accepted that amyloid 
fibrils may also be produced fi:om proteins not related to any disease under suitable 
11 
Chapter-1 i Review of literature 
(usually non-physiological) in vitro conditions, implying fibrillogenesis to be an inherent 
property of polypeptide chain that relies upon interaction between backbone atoms rather 
than the those of side chains [Dobson 2003]. 
1.2.1. Protein aggregation in vitro 
The misfolding and aggregation of proteins does not only have pathological 
consequences but is also a serious problem encountered during the in vitro study of 
proteins. Aggregation of proteins at higher concentration is a huge barrier in the refolding 
studies [Gupta et al. 1998; Raman et al. 1996]. Thermal denaturation of proteins often 
results in aggregation which creates hindrance in determination of thermodynamic 
parameters that defines stability of protein [Ahmad and Rao 2009; Benjwal et al. 2006]. 
The purification of recombinant proteins is hampered by their aggregation in the form of 
inclusion bodies [Fink 1998]. Moreover, protein folding is also a complication during 
industrial manufacturing of therapeutic proteins. During purification and processing, 
proteins encounters several stress such as high temperature, high protein concentration, 
surface adsorption, shear strain, fermentation, freeze-thwaing, and drying etc which is 
likely to alter their structure making them prone to aggregation [Mahler et al. 2009]. 
Besides, irreversible aggregation of proteins is also a major problem for maintaining their 
stability during long-term storage, shipping and handling. In these contexts, aggregation 
may simply refer to physical association of protein molecules with no changes in the 
primary structure (physical aggregation) or the chemical cross linking of the molecules 
through formation of covalent bonds (chemical aggregation). Depending upon its nature 
as well as environmental conditions, a protein can simultaneously undergo both types of 
aggregation processes resulting in the formation of either soluble or insoluble aggregates. 
For example, insulin may undergo physical aggregation to soluble hexamers or insoluble 
fibrils and chemical aggregation into soluble dimmers or insoluble disulfide-bonded 
aggregates [Darrington and Anderson 1995; Sluzky et al. 1991; Sluzky et al. 1992]. 
1.2.2. Classification 
Due to lack of precise definition, protein aggregates have been classified differently by 
different authors. Two broad categories of protein aggregates include in vivo versus in 
vitro, and fibrillar versus amorphous. For example amyloid fibrils are fibrillar or ordered 
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aggregates that are observed both in vivo and in vitro whereas inclusion bodies are the 
amorphous or disordered aggregates that are formed in vivo. Similarly, in vitro aggregates 
formed during refolding at high protein concentration are the disordered aggregates [Fink 
1998]. Other classifications have also been proposed such as physical (or noncovalent) 
versus chemical (or covalent) aggregates, reversible versus irreversible aggregates, 
soluble oligomers (dimer to 10-mer) versus insoluble particles etc [Cromwell et al. 2006]. 
1.2.3. Structure and morphology 
The morphology of protein aggregates, as demonstrated by experimental evidences, 
seems to depend upon the solution condition rather than the amino acid sequence of 
proteins. This is because a single protein can form both fibrillar as well as amorphous 
type of aggregates based upon the environmental conditions. pH has been found to play a 
key role in determining the aggregate morphology as it affects the charge distribution and 
also degree of structural perturbation of protein. A study on seven widely different 
proteins by Krebs et al. has revealed that a pH which provides high net charge to the 
protein favors formation of fibrillar aggregates whereas low net charge on protein is 
likely to yield aggregates with amorphous morphology [Krebs et al. 2007]. Similar 
findings have been reported in later studies [Krebs et al. 2009]. 
The molecular level description of the structure of aggregates particularly the pathogenic 
amyloid fibrils is difficult to understand due to their large size, poor solubility and non 
crystalline structure. Much of the advancement in the knowledge of fibrils structure is 
facilitated by solid-state NMR, electron microscopy and X-ray diffraction. 
The amyloid fibrils formed from different unrelated peptides and proteins are 
characterized by well-ordered, elongated and relatively straight fibrillar structure. 
Electron microscopy (EM) and atomic force microscopy (AFM) reveal that fibrils are 
composed of substructure called "protofilament". A single protofilament is either straight 
or curved with a diameter of 2-5 nm. About 2-6 such protofilaments join by ehher 
twisting together like a rope or arrange laterally in a form of ribbon to construct a fibril 
with a diameter of 7-15 nm. The length of the fibrils is indeterminate [Serpell tt al. 
2000]. 
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X-ray diffraction studies reveal the presence of common 'cross-P' structure in which P-
sheets run parallel to the axis of fibril while p-strands in individual sheet are arranged 
perpendicular to the axis to fibrils [Sunde et al. 1997]. The distance between P-strands is 
4.8 A while separation between p-sheets in ~10 A. 
It should be noted that the morphology of the fibrils generated in vitro also varies with 
solution conditions including protein concentration, pH, temperature, composition of 
buffer and presence of additives etc. 
1.2.4. Mechanism of protein aggregation 
Philo and coworkers have described the mechanisms of protein aggregation in a very 
concise and illustrative manner [Philo and Arakawa 2009]. These authors have proposed 
five possible mechanism of protein aggregation as discussed below: 
1.2.4.1. Reversible association of native monomers - This mechanism of protein 
aggregation is demonstrated mainly by proteins which, in their native state, exhibit the 
tendency to undergo reversible association. This association is facilitated by presence of 
self-complimentary patches on the surface of the molecules such that the self-assembly of 
protein monomers results in formation of small oligomers (Figure 1.4A). As protein 
concentration increases, bigger oligomers are formed which over time become 
irreversible in nature. This type of mechanism is illustrated by therapeutic proteins such 
as insulin. 
D = ID 
Native Reversible 
monomer oiigomerization 
Higher oligomers 
(possibly Irreversible) 
Figure 1.4 (A) Schematic illustration of protein aggregation through reversible association of monomers. 
1.2.4.2. Aggregation of conformationally-altered monomers - Generally native 
conformation of protein has lesser propensity to self-associate and commencement of 
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aggregation requires some conformational alterations such as partial unfolding of the 
protein molecule (Figure 1.4B). Such conformational changes are triggered by stresses 
such as heat, shear, pressure, change in pH etc. This mechanism of protein aggregation is 
frequently observed for several different proteins such as lysozyme, cytochrome C etc. 
0=0 
Native Conformational 
monomer alteration Oligomerization of 
non-native protein t ;l 
Higher oligomers 
(Possibly irreversible) 
Figure 1.4 (B) Schematic illustration of aggregation of conformationally-altered protein. 
In case of natively unfolded proteins, the onset of aggregation requires partial folding of 
the molecule into a partially structured conformer [Uversky and Fink 2004; Uversky and 
Fink 2005]. 
1.2.4.3. Aggregation through chemical modification - This mechanism of aggregation 
also commence through change in protein conformation except that the change is 
chemical rather than physical (as in mechanism 2) as shown in Figure 1.4C. 
0-0 
Native Chemical 
monomer modification Oligomerization of 
modified protein 11 
Higher oligomers 
(Possibly irreversible) 
Figure 1.4 (C) Schematic illustration of aggregation of chemically-modified proteins. 
The chemically modifying reactions include oxidation, deamidation, hydrolysis etc as 
shall be discussed later. 
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1.2.4.4. Nucleation-dependent aggregation - This mechanism of protein self-assembly 
is characterized by an initial lag phase which is the slow, rate-limiting step of the 
aggregation reaction. During lag phase, the protein monomers assemble to form a nucleus 
as shown in Figure 1.4D. 
O + 
Native 
monomer 
o= 
Critical nucleus Addition of protein 
monomers onto 
surface of nucleus 
Visible particulates/ 
fibrils 
Figure 1.4 (D) Schematic illustration of protein aggregation through nucleation-dependent pathway. 
Once the nucleus of sufficient size is formed, a rapid elongation phase follows in which 
addition of monomers onto this critical nucleus leads to the formation of larger 
aggregated species or fibrils. For example Ap peptide, insulin etc. In isodesmic or 
nucleation-independent aggregation, there is no lag phase [Kumar and Udgaonkar 2010]. 
1.2.4.5. Surface-induced aggregation - Here aggregation of protein is triggered by 
interaction of monomers with surface. As a result of this reversible binding, the protein 
monomers undergo conformational alteration which makes them prone to aggregation 
either on the surface or following their release into the solution (Figure 1.4E). 
o + 
Native 
monomer 
Container 
surfaces and air-
liquid interface 
Adsorption of 
monomers 
onto surfaces 
(partial unfolding) 
Aggregation of 
altered protein 
Figure 1.5 (E) Schematic illustration of aggregation of protein on container surfaces and air-liquid 
interface. 
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1.2.5. Analytical techniques for characterization of protein aggregates 
The characterization of protein aggregates by using combination of analytical methods is 
essential not only for understanding the mechanism of aggregation and designing 
potential drugs to combat amyloid-associated pathogenesis but also for evaluating the 
protein structure, biological integrity, process and product related impurities during 
manufacturing and storage of biopharmaceuticals as proteins are widel> used in 
therapeutics. The methods commonly employed in the characterization of protein 
aggregates including amyloid fibrils are listed in Table 1.1. The underiying principles, 
detailed methodology and pros and cons of all these methods have been extensively 
reviewed by several authors [Huiyuan Li and Bitan 2009; Mahler et al. 200*^ ); Nilsson 
2004]. Discussed below are the salient features of some of them. 
1.2.5.1. Light scattering - The optical properties of a solution are due to the ability of 
molecules or particles present therein to absorb and scatter light. Rayleigh's theory of 
light scattering states that particles with diameter lesser than the wavelength of incident 
light are able to scatter light. The upper limit on the size of particles is about 1/ lO"' of the 
wavelength which implies that scattering does not take into account the shape of the 
particle. Light scattering is found to be an essentially employed tool in the investigation 
of protein aggregation. Light scattering can also be monitored through fluorescence 
spectrophotometer by setting identical excitation and emission wavelength, usually at 350 
run. This method has been considerably employed to detect the formation of aggregates. 
1.2.5.2. Turbidity monitoring - Aggregation of proteins into particles of various sizes 
gives turbid or hazy appearance to the protein solution. The aggregates formed during 
long-term storage or other sheer stress conditions have been reported to give marked 
increase in turbidity [Arvinte et al. 2004; Yu et al. 2006]. The turbidity can be 
conveniently monitored spectrophotometrically as optical density in 340-360 nm 
wavelength range. The time-dependant change in turbidity has also been employed as a 
mean to study the formation or inhibition of aggregates under various conditions [Lee et 
al. 2005]. 
1.2.5.3. Circular dichroism (CD) spectroscopy - Typically, CD gives qualitative 
information about the nature of the aggregates such as amyloid assemblies and kinetics of 
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conformational transitions related to aggregation. Aggregation of proteins into 
protofibrils and fibrils is accompanied by pronounced formation of P-sheet conformation 
which can be detected by the appearance of a characteristic absorption minimum at 215 -
218nm in the far-UV CD spectrum. An advantage of CD over other methods is that 
samples incubated at wide range of pH and temperature can be studied. 
Table 1.1 Analytical methods commonly used for studying protein structure, folding and 
self- assembly. 
Atomic 
structure 
Secondary 
Structure 
Morphology 
Assembly 
size/Size 
distribution 
Monomer oligomers Protofibirls/Fibrillar 
aggregates 
Nuclear magnetic resonance spectroscopy 
X-ray crystallography/ diffraction 
Amorphous 
Aggregates 
^ i , -, ; ; L i ; , : ;„ i a ; = : • .::• - | ; L . 1 ' • - , . 
iiirk'r trjH^vf'oroi HilV;U'tM.t snt'C'-
i ii i iliisurscenvt'/i'tHsmt J C(i hii cIs'riHiitiu.t 
Bj%~ W S / . W S / N i l c red iluorc--
Transmission electron microscopy 
Scanninji transmission electron microsco|)> 
Atomic force niicroscop\ 
Rayleigh light scattering,'turbidit> measurement 
Dynamic light scattering 
Size exclusion chromatograph\ 
Analytical ultracentrifugation 
Gel electrophoresis 
1.2.5.4. Fourier transform infrared (FTIR) spectroscopy - Secondary structural 
transition of protein can also be sUidied through FTIR which is complementary to CD. In 
FTIR, structural transition into p-sheet conformation during amyloid formation can be 
detected by presence of band near 1620 cm"' (for parallel P-sheet) and 1690 cm"' (for 
antiparallel p-sheet) in the amide I region (1600-1700 cm'') of IR spectrum of protein. 
1.2.5.5. Congo red spectra and birefringence - Dye binding protocols such as those 
involving Congo red and ThT are the most traditional procedures for detection of 
amyloids. The staining of amyloid fibrils with Congo red dye produces an apple-green 
birefringence when examined under polarized light. There is a Congo red specfroscopic 
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assay also, which is more preferable as the birefringence assay is relatively subjective and 
requires a positive control (known fibrillar sample). Congo red, when free in solution, 
gives absorbance maximum at 490 nm. Upon binding to amyloid samples, an intense red 
color is produced resulting from a shift in the wavelength of maximal absorption from 
490 to around 540 nm. 
1.2.5.6. ThT binding assay - The use of Thioflavin (ThT) for the detection of amyloid 
fibrils was first proposed by Vassar and Culling in 1959. ThT is an amphiphilic dye that 
forms micelles in aqueous solution. Binding of these ThT micelles to P-sheet structures 
of amyloid fibrils produced an enhanced fluorescence emission at 485 nm. ft is worth 
mentioning that P-sheets are also part of native conformation of several proteins as well 
as of some intermediates; however an erAanced ThT fluorescence appears to be fir more 
specific for the P-sheets contained within amyloid fibrils. This is due to the presence of 
lower number and distorted nature of the sheets, in the natively P-sheeted proteins which 
are unlikely to form regular binding channels for the dye molecules as in the amyloid 
fibrils [Krebs et al. 2005]. Nevertheless, ThT is reported to give display enlianced 
fluorescence with amorphous aggregates also [Kumar et al. 2008]. 
1.2.5.7. Other fluorescence probes - While Congo red and ThT are highly selective for 
fibril structure, dye such ANS, bis-ANS and Nile red are used as fluorescence probe for 
the detection of both amorphous and fibrillar aggregates. The later dyes are known to 
interact with hydrophobic areas of both amorphous aggregates and amyloid fibrils [Hawe 
et al. 2008]. ANS and bis-ANS are suitable for the detection of transient aggregates 
which are formed in very low concentration during the early stages of protein refolding as 
well as aggregates formed during thermal denaturation [Finke and Jeimings 2001; (irillo 
et al. 2001; Vetri and Militello 2005]. The use of ANS in kinetic studies of fibril 
formation of AP142 and SH3 domain and lysozyme has demonstrated the ability ol this 
dye to detect the prefibrillar aggregates that are considered to be more pathogenic than 
mature fibrils [Bolognesi et al. 2010]. 
1.2.5.8. Intrinsic fluorescence - Intrinsic fluorescence parameters such as fluorescence 
intensity (FI) and emission maxima (X a^x) are very sensitive to the changes in the 
structural dynamics and polarity of protein chromophore viz Trp and Tyr and therelbre 
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can be used to study protein folding and assembly. The intrinsic fluorescence of aromatic 
residues has been used to probe conformational dynamics the self-assembly of several 
amyloidogenic proteins such as AP, lAPP, prion, a-synuclein, IgG light chains etc [Maji 
et al. 2005; Munishkina and Fink 2007; Padrick and Miranker 2001]. 
1.2.5.9. X-ray diffraction - Unlike X-ray crystallography in which high quality single 
crystals are required, X-ray fiber diffraction method can be applied to lower quality 
crystalline samples and to generate information about the preferred orientation of the 
molecules in such samples. The X-ray diffraction pattern of almost all amyloid fibrils is 
identified by a strong meridional reflection at ~5 A corresponds to the spacing between 
individual P-strands and a weak but broad equatorial reflection at ~10 A resulting from 
inter-sheet spacing perpendicular to the fibril axis [Makin et al. 2005; Sunde et al. 1997]. 
Additionally, meridional reflections provide an estimate of the number of protofilaments 
comprising the fibril, whereas the equatorial reflections correspond to the spacing 
between the protofilaments. 
1.2.5.10. Transmission electron microscopy (TEM) and atomic force microscopy 
(AFM) - The direct visualization of the protein self-assembly into oligomers, protofibrils 
and mature fibrils has been facilitated by high- resolution microscopic techniques such as 
transmission electron microscopy (TEM) and atomic force microscopy (AFM) 
[Mastrangelo et al. 2006; Selenica et al. 2007]. These techniques provide resolution on 
the scale of nanometer to picometer. An additional advantage of AFM over TEM is the 
ability to allow continuous monitoring of the growth of oligomers and fibrils in solution 
[Lee et al. 2008]. 
1.2.5.11. Other methods - Other techniques used for analysis of protein aggregates, in 
general, include SDS-PAGE, size exclusion chromatography, analytical ultracentrifiige, 
field flow fractionation etc. These techniques are basically used for shape and size 
estimation, distinguishing between covalent versus noncovalent aggregates and for the 
quantification of soluble aggregates. 
1.2.6. Factors favoring protein aggregation 
Although many different proteins and peptide have demonstrated strong potential to form 
aggregates with similar morphology, the individual propensity for such behavior varies 
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with amino acid sequence as well as the environmental conditions [Dobson 2003]. The 
following section shall discuss the variety of intrinsic (structural) as well as extrinsic 
(enviroimiental) factors that are found to influence the aggregation propensity ot proteins 
(Figure 1.5). 
1.2.6.1. Intrinsic factors 
It is generally believed that more the hydrophobicity, greater will be the tendenc) to form 
aggregation [Calamai et al. 2003]. Intrinsic factors that influence the amyloid aggregation 
of proteins include fundamental properties of polypeptide chains such as charge, 
hydrophobicity, sequence of polar and non-polar amino acid residues and propensity to 
acquire various secondary structure elements. 
The importance of amino acid sequence in determining the amyloid aggregation 
propensity chain can be realized from the observations that certain regions in a 
polypeptide chain appear to be more sensitive towards aggregation. A single mutation in 
these regions can drastically alter the aggregation rates when compared to the similar 
substitution in other regions [Chiti et al. 2002; Williams et al. 2004]. These findings led 
to the proposal of several algorithms that enable identification of local sequenc es with 
high intrinsic aggregation propensities. One such method for determining the intrinsic 
aggregation propensity for natively unfolded peptides like Ap or a-synuclein has been 
proposed by Pawar et al. [Pawar et al. 2005]. This group has defined a parameter called 
intrinsic Z-score for aggregation, Zagg that allows comparison between aggregation 
propensities of different polypeptide sequences. Aggregation propensity of unfolded 
polypeptides as calculated using Z-score value appears to be favored by the factors such 
as hydrophobicity, hydrophobic pattern and the propensity to form P-sheet but disfavored 
by net charge and propensity to form a-helices.. 
1.2.6.2. Extrinsic factors 
In vivo, the propensity for aggregation is influenced by the similar extemal factors that 
play key role in controlling misfolding and subsequent aggregation of protems viz 
interaction with molecular chaperones, processing by proteases and efficiency of the 
protein quality control systems as already mentioned. Other extrinsic factors that affect 
formation of aggregates both in vivo and in vitro include those physiochemical properties 
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that define the environment of the polypeptide chain such as protein concentration, pH, 
temperature, pressure, ionic strength, denaturants etc. These factors may destabilize 
native state, stabilize unfolded state or promote the formation of various intermediates. A 
brief account of them shall be discussed here. 
pH - The pH of the system can have strong impact on rate of aggregation as it can 
potentially alter the nature as well as distribution of charges in polypeptide. Theoretically, 
aggregation is most likely to occur near pi where electrostatic repulsions are minimum 
and so is the solubility of protein. However, experiments have demonstrated that proteins 
aggregate at a very slow rate around their pis [Majhi et al. 2006]. In contrast, aggregation 
of many proteins is actually noticed under conditions where polypeptide contains a 
significant net charge [Su and Chang 2001]. An extremely acidic or alkaline pH would 
give high net charge to the proteins resulting in partial unfolding due to the 
intramolecular repulsion. However, aggregation of partially unfolded ensembles is 
unlikely unless the accumulated charge on protein is relieved by for example 
neutralization by salts [Lin et al. 2008], surfactants [Khan et al. 2012] or exchange of 
protons with the surroundings [Jeppesen et al. 2010]. 
Ionic strength - In close relation to pH, ionic strength is another important solution 
condition that significantly impacts the aggregation behavior of proteins. The overall 
effect of ionic strength on aggregation is mainly protein-dependant. If charge 
neutralization by salt facilitates folding of protein or enhances its stability then 
aggregation would be inhibited at low ionic strength. High salt concentration, on other 
hand, would destabilize the protein, unfold it and promote aggregation. Ionic strength 
also considerably affects the morphology of the fibrils. Low ionic strength facilitates 
addition of monomers only at the growing ends of the protofibrils and prevents the 
interaction between axial sides due to electrostatic repulsion, thus resulting in thin and 
long fibrils [Nichols et al. 2002]. In contrast at high ionic strength where hydrophobic 
interactions predominate, binding of monomers also takes place not only at the ends of 
the fibrils but they also interact along the axial sides. As a result, thick and short fibrils 
are formed [Lin et al. 2008]. 
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Temperature- Thermodynamically, the native state of protein is only marginally stable 
than its denatured state. It is a general observation that unfolding of the proteins during 
the thermal denaturation is accompanied by their aggregation [Benjwal et al. 2006; Vetri 
and Militello 2005]. Apart from destabilizing the protein, additional effects of 
temperature in promoting aggregation include; lowering of activation energy, increased 
diffusion of the molecules, high frequency of molecular collision, and enhanced 
hydrophobic interactions [Wang et al. 2010]. 
Pressure — The pressure treatment may also perturb the hydrophobic interaction 
necessary for the stability of the native state of protein, resulting in formation of 
aggregation-prone partially unfolded segments. The hydrostatic pressure has been 
employed as a tool for inducing the formation of amyloid aggregates in some of the 
pathogenic protein such as lysozyme [De Felice et al. 2004]. Aggregation induced by 
pressurization has also been noticed for P-lactoglobulin [Considine 2007]. 
Protein Concentration - The effect of protein concentration on aggregation phenomena 
has been investigated extensively. Protein concentration is critical factor in amyloid 
formation since formation of nucleus may not occur below a critical concentration of 
protein [Kumar and Udgaonkar 2010]. Furthermore, aggregation occurring in high 
concentration formulations is also a matter of concern for storage of protein [Alford et al. 
2008; Shire et al. 2004]. 
Due to the existence of different aggregation pathways (by self-association of native 
monomers or initiation by partial-unfolding), the increased protein concentration may 
exert contrasting effects on aggregation. For example high protein concentration may 
increase aggregation due to increased chances of self-association. Con\ersely, 
aggregation may be decreased due to the crowding effect. The 'macromolecular 
crowding' is a term which denotes the effect exerted by the total high volume occupied 
by the macromolecules, in intracellular compartments, on the behavior of individual 
macromolecule. In accordance with this excluded volume theory, the crowding should 
favor self-assembly and aggregation, however the partial unfolding of the molecules 
which is pre-requisite for aggregation process may be reduced [Minton 2005]. Lastly, 
high protein concentration (when exceeds protein's solubility limit) may cause 
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precipitation or sometimes crystallization depending upon solution conditions. This 
situation is generally not encountered under normal experimental conditions. 
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Figure 1.5 A summary of the factors affecting protein aggregation. 
Surfactants — Sodium dodecyl sulfate is an anionic surfactant with strong impact on 
protein conformation. Apart from being a protein denaturant, SDS is also well-recognized 
for inducing amyloid aggregation in several proteins including A(3, a-synuclein, 
Lysozyme etc [Giehm et al. 2010; Jain et al. 2011; Rangachari et al. 2007]. The amyoid-
inducing action of SDS is observed below CMC of the surfactant where it exists mainly 
as monomers. Post-micellar concentration of SDS is reported to inhibit aggregation 
[Hung et al. 2010; Pertinhez et al. 2002]. Also, it has been reported that aggregation 
induction by SDS requires development of net positive charge on protein as protein 
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incubated above isolelectric points (where they acquire negative charge) usualh' don't 
aggregate is the presence of SDS [Khan et al. 2012]. 
Chemical modification - Aggregation is also induced by chemical modification of 
proteins. Chemical reactions such as oxidation, hydrolysis [Van Buren et al. 2009, 
deajmidation [Takata et al. 2008], isomerization [Zhang et al. 2002] may destabilize 
protein structure thereby promoting aggregation. Besides, glycation is known to induce 
amyloid aggregation in BSA [Wei et al. 2009]. Reduced and glycated insulin has been 
found to be more prone to aggregation than its non-reduced form [Alavi et al. 2013]. 
Further, photolytic degradation of proteins which involve oxidation of aromatic residues, 
His, Cys and Met is also found to induce aggregation [Mahler et al. 2009]. 
Miscellaneous - Other factors that influence protein aggregation include organic 
solvents, metal ions, amino acids such as Phe, UV illumination, freezing, thawing, 
drying, spraying, agitation, contact materials such as glass, rubbers, plastic silicone, steel 
etc [Adler-Abramovich et al. 2012; Mahler et al. 2009; Wang 2005; Xie et al. 20111. 
1.2.7. Inhibition of protein aggregation 
The inhibition of protein self-assembly is studied in two perspectives; developing 
strategies for combating protein aggregation in general (situation encountered during 
protein expression, refolding, manufacturing and processing of biopharmaceuticals), and 
identifying or designing inhibitors that specifically target amyloid aggregates (associated 
with several pathogenic conditions). 
Inhibition of protein aggregation during the development of protein-based therapeutics is 
attempted by using various kinds of excipients or additives that suppress aggregation 
through different mechanisms such as stabilization of native state, destabilization of 
incorrectly folded conformations, increased rate of protein folding, reduction of solvent 
accessibility and enhanced solvent viscosity etc [Wang et al. 2010]. The type of different 
additives used and their effect on protein refolding and aggregation has been extensively 
reviewed [Hamada et al. 2009]. Denaturants such as urea and guanidine are the most 
conventionally used additives that assist refolding of protein and suppress aggregation. 
Sodium dodecyl sulfate, an anionic detergent which is known induce protein aggregation 
at submicellar concentration is also found to inhibit aggregation at post micellar 
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concentration is some proteins. The latter action of SDS has been attributed to the 
increased helical propensity of polypeptide chain [Giehm et al. 2010]. 
In addition, ionic liquids such as ethyl ammonium nitrate (EAN) and nondetergent 
surfactants such as sulfobetaines (NDSBs) have demonstrated effective inhibition of heat 
and chemical induced aggregation 
Among amino acids, Arg and its derivatives. Pro, His, Ala and imidazole are reported to 
exhibit potent inhibitory action over thermal aggregation of several proteins. Besides, 
polyamines such as putrescines, spermines and spennidines, amphiphilic polymers such 
as polyethylene glycol (PEGs) and polyvinylpyrrolidone (PVPs) and osmolytes such as 
sugars/polyols and trimethylamine N-oxides are proved to be efficient aggregation 
suppressor in several cases. 
'Artificial chaperone' is another formulation that has been employed to increase the 
refolding efficiency of several proteins including lysozyme and serum albumins and 
suppress aggregation [Gull et al. 2011; Potempa et al. 2010]. The term 'artificial 
chaperone' denotes a non-protein system with chaperon like effect. Such system are the 
combination of detergents and cyclodextrins both of which act as aggregation inhibitor 
and are used together to enhance refolding efficiency with reduced chances of 
aggregation. 
Inhibition of amyloid formation - Nature has adopted various strategies to avoid 
unwanted protein aggregation and amyloid fomiation inside a living system where local 
protein concentration is quite high. A study on the role of protein sequence in aggregation 
by Dobson et al., has revealed that low sequence identity, approximately less than 40%, 
between the adjacent domains of multidomain proteins (which form -70% of eukaryotic 
proteins) could be responsible for safeguarding such proteins against coaggregation 
[Wright et al. 2005]. The inhibition of amyloid formation can be achieved by means of 
ligand (small or large) that can bind to and arrest peptides/proteins at different steps of 
amyloid formation pathway viz native state, partially unfolded state, oligomers, amyloid 
seeds, fibrils etc [Kumar et al. 2008; Kumar et al. 2009]. 
As shown in Figure 1.6, the possible mechanism of action of ligands which have been 
employed so far inhibiting fibrillization include; (1) stabilizafion of native state (2) 
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sequestering of peptides/protein monomers (3) Small molecule-mediated inhibition (4) 
promoting off-pathway aggregation (5) terminating fibril elongation by acting as P-sheet 
breakers (6) dissociation of already formed fibrils and (6) refolding of misfolded 
conformation and clearance of fibrils inside the body [Hard and Lendel 2012]. 
stabilization sequestering of promoting off- terminating fibril dissociation of 
of native state peptides/protein pathway elongation by acting already formed 
monomers aggr^ation as P-sheet breakers fibrils and 
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Figure 1.6 Schematic illustration of possible strategies to inhibit amyloid fibril formation. 
1.3. A unified view of protein folding and aggregation 
Following its synthesis, a variety of distinct states are accessible to a protein viz native 
state, oligomers, disordered aggregates, prefibrillar aggregates and fibrils etc all having 
different morphology. Similar fate is encountered by proteins under in vitro conditions. 
The particular state that can be adopted by a protein under specific conditions by a given 
protein depends upon the relative thermodynamic stability of the various accessible 
conformations and on their kinetic interconverison [Dobson 2004]. It is now a well-
established fact that under carefully chosen in vitro (denaturing) conditions, most proteins 
are capable of undergoing aggregation and amyloid formation, suggesting the 
fibrillogenesis to be general property of polypeptide chains. Given the fact that only a 
fraction of human proteins are involved in amyloid-related pathogenesis, the protein 
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sequence and cellular machinery seems to have evolved in a manner that avoid unwanted 
protein aggregation. Figure 1.7 shows a unified view of the various types of structures 
that can be formed by polypeptide chains both in vivo and in vitro. 
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Amyloid fibrils 
Figure 1.7 A unified view of major types of structure that can be formed by polypeptide chains. 
1.4. Future prospects 
Attempts towards understanding mechanism of protein folding have been many, but still 
insufficient. Several globular proteins have been found to adopt partially folded 
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conformations having properties in between the native and unfolded states. Studies have 
shown that compactness and the amount of secondary structure of the intermediate states 
formed on the folding pathway are not necessarily close to the native state but vary 
greatly depending upon the sequence. This suggests presence of various intermediates 
from one close to the fully unfolded state to one close to the native state to one near the 
denatured state and the characteristics of such partially folded states may vary depending 
upon the protein and the experimental conditions [Fatima and Khan 2007] It is 
imperative that elucidating the protein folding phenomena requires characterization of all 
the conformational states that a protein might acquire, because such conformational states 
may resemble the intermediate state along the in vivo protein folding pathway. 
Recent studies have shown that structure of the molten globule state is more 
heterogeneous than previously thought. One portion of the structure is more organized 
and native-like while the other portion is less organized, and the detailed structural 
properties are remarkably dependent upon the individual protein. Thus it will be useful to 
describe molten globule structure of each protein so that we can see the characteristics in 
common as well as also find out as to where the difference lies. 
In addition to folding, the misfolding and subsequent aggregation of proteins is also an 
important area of intensive research as it is directly related to the several pathological 
conditions. Besides, overcoming protein aggregation issues remain one of the major 
hurdles in commercialization of such drug products since reduced protein stability caused 
by aggregation creates huge trouble almost in all phases of protein drug development. 
Although considerable progress has been made, our current understanding of protein 
aggregation is still incomplete. Tremendous efforts have been devoted to obtaining a 
better understanding of fibril formation mechanisms and, in parallel, finding methods for 
intervention. However, whatever prevention or moderate inhibition has been obtained is 
mostly experimental. Therefore in the current scenario, improving our knowledge about 
the mechanism of protein folding and misfolding is crucially required for rational 
development of therapeutics against devastating diseases as well as in various 
biopharmaceutical processes. 
More concisely, an enhanced understanding of protein folding, and ways to prevent 
misfolding will undoubtedly provide high intellectual satisfaction and novel insight into 
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the nature and evolution of biological molecules, and also generate new ideas for 
biotechnology and pharmaceutical industries, and for medical sciences. 
1.5. Why plant cysteine proteases? 
Cysteine proteases (EC.3.4.22) are those proteolytic enzymes which contain sulfahydryl 
group (-SH) as part of their catalytic moiety. These are the proteins of 21-30 kDa. Till 
date, more than 20 families of cysteine proteases (CPs) have been discovered which are 
divided into five basic clans [Barrett 1994] as shown in Figure 1.8. 
Clans of CPs 
- • CA - Papain like CPs 
- • CB - Viral chymotrypsin-like CPs 
-> CC - Papain-like endopeptidase of RNA virus 
-> CD - Legumin type caspases 
-> CE - Containing His, Gin/Asp, Gin, Cys residue in 
the catalytic cleft 
Figure 1.8 Major clans of cysteine proteases. 
The first CP to be recognized in detail was papain (EC 3.4.22.2). In fact, the majority of 
the CPs that have been characterized so far are evolutionary related to papain and share a 
common fold. Papain was isolated in 1879 from the fruit of Carica papaya and was also 
the first protease for which crystallographic structure was determined [Drenth et al. 1968. 
1.5.1. General properties 
Papain and other cysteine proteases of plant origin such as bromelain, ficin etc are of 
great industrial and medicinal importance. A brief account of general features of these 
enzymes is given below: 
>^  The plant cysteine proteases are the single chain polypeptide with a molecular 
weight of 23-25 kDa. 
^ The proteins are relatively basic in nature with a pi > 8.0 [Grzonka 2007; Sumner et 
al. 1993]. 
^ Crystallographic analysis and amino acid sequence similarity suggests that these 
proteins are composed of two domains of roughly equal size with an active site 
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located in between [Devaraj et al. 2009; Kamphuis et al. 1984; Maes et al. 1996: 
Ritonjaetal. 1989]. 
•^ The cysteine proteases belong to a+P class of proteins i.e., one of the domain contain 
primarily the helical secondary structure while the other domain consists of mostly 
the P-sheet structure (Figure 1.9). 
•^ The proteins generally contain three internal disulfide bonds and a free Cys residue 
which is involved in enzyme activity. An exception is noticed in case of 
chymopapain which contains two free Cys residues (Cys"^  and Cys ) instead of 
one. The role of Cys"^ is not yet known [Watson et al. 1990]. 
•^ The active site consists of a Cys and a His residue forming a catalytic dyad. These 
residues are generally situated on opposite sides of the catalytic cleft. A third Asn 
residue assists in proper orientation of proper orientation of imidazolium ring of His 
residue [Husain and Lowe 1970; Grzonka2007]. 
^ The catalytic activity requires the reactive thiol group (-SH) of these enzyme to be in 
reduced form. This reducing environment is generally provided by including 
cysteine, mercaptoethanol or DTT in the activity assay buffer [Bhattacharya and 
Bhattacharyya 2009; Fatima and Khan 2007]. 
B 
Figure 1.9 Tiiree dimensional structure of (A) papain (PDB: 9PAP), (B) chymopapain (PDB: lYAl.) and 
(C) stem bromelain (modeled using Phyre software as discussed in section 4.2.7) showing presence of two 
domains. The figure is generated in Chimera software. 
31 
Chapter-1 I Review of literature 
^ In general, the plant cysteine proteases exhibit a fairly broad pH and temperature 
optimum which is why they are suitable for wide range of industrial and 
pharmaceutical applications. 
Table 1.2 highlights the difference in the properties discussed above for each of the plant 
CPs used in the present study. 
Table 1.2 General properties of some of the important plant cysteine proteases. 
Source 
No. of amino acid 
residues 
Mol. Wt. (kDa) 
Pl 
No. of disulphide 
bonds/free Cys 
Active site residues 
Extinction coefficient at 
280 nm 
pH optima 
Temperature optima 
Papain 
Carica papaya 
212 
23.4 
8.8 
3/1 
Cys^^ His'^^ 
25.0 
5.8-7.0 
60-70 "C 
Chymopapain 
Carica papaya 
218 
23.6 
10.4 
3/2 
Cys•^^His'^ ^ 
18.2 
7.0 
40-60 "C 
Stem bromelain 
Ananas comosus 
212 
23.8 
9.55 
3/1 
Cys'^His"' 
20.1 
6.0-8.5 
50-60 "C 
1.5.2. Applications of plant cysteine proteases 
1.5.2.1. Industrial applications 
Proteases have firmly secured first place in the world enzyme market and play an 
important role in biotechnology. The cysteine proteases of plant origin are of immense 
commercial importance due to their strong proteolytic activity against a broad range of 
substrates. The industrial applications of these enzymes are thoroughly discussed in 
excellent books and several review articles [Clemente 2000; Liu 2004; Grzonka 2007]. 
Beverage industry - Treatment with proteolytic enzymes (usually crude papain or 
bromelain) provides clear and bright appearance to the beer and avoids the haziness 
produced upon chilling. Immobilized stem bromelain has been found to be a food-safe 
and promising biocatalyst for unstable real wine future application [Ilaria et al. 2012]. 
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Baking industry - The wheat used in baking processes requires the gluten present within 
to undergo extensive degradation for the formation of better quality products. Protease 
such as bromelain is widely used in baking industry due to its rapid rate of reaction, 
broad pH and temperature optima and lack of side reactions (amylases or pentosanase). 
Treatment with proteases improves dough relaxing and bread volume, prevents shrinkage 
of dough and facilitates faster bakery throughput. 
Food processing - Cysteine proteases especially papain and bromelain are wideh' used to 
prepare protein hydrolysates having excellent taste and absence of bitterness. Seafood, 
eggs and vegetable (soya, wheat, rice, sunflower, sesame and maize) protein hydrolysate 
not only provide excellent enhanced flavor in a wide range of food but also )mprove 
protein assimilation [Aspmo et al. 2005; Bandyopadhyay and Ghosh 2002; Lee and Chen 
2002]. Besides, these enzymes are also used for hydrolyzing milk proteins which reduces 
the allergenic properties of milk. In addition, papain, bromelain and ficin are widely 
employed for meat tenderization purpose [Khanna and Panda 2007]. 
Animal feed - The addition of papain to some mixed forages greatly enhances the 
availability of proteins, decreasing the cost of forage and exploiting sources of proteins 
[Wong etal. 1996]. 
By-product utilization - Depolymerisation of chitosan enhances its water solubility and 
reduces solution viscosity as well as suppressing gel formation during storage. 
Commercial crude papain, bromelain and ficin are widely used for chitosan 
depolymerization which could facilitate the application of chitosan-related materials in a 
variety of fields such as food, agriculture industries and various other biological 
processes [Kumar et al. 2004]. Besides, plant cysteine proteases are also used to improve 
the recovery of proteins fi-om slaughterhouse waste [Gomez-Juareza et al. 1999] and soy 
processing [Moure et al. 2005] which are subsequently used in both feed and food 
industries owing to their good nutritional value and excellent functional properties. In 
addition, papain and stem bromelain are applied to spent photographic films and other 
biodegradable polymers for recovery of valuable chemicals such as silver etc [Chiellini et 
al. 2003]. 
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Leather industry - Papain is also widely used as a bating material for breaking down the 
proteinaceous material of skin and hides in leather industry. Treatment with papain aids 
dehaimg of the skin, and also provides smooth and sljining appearance to the leather 
while simultaneously eliminating the formation of chrome bearing leather waste 
[Saravanabhavan et al. 2005]. 
Textile industry - Papain also posses the ability to dissolve sericin (protein coating the 
silk fibres), rendering the silk fiber protein (fibroin) unaffected. Thus its usage is 
proposed for refinement of the mixture of bombycine and vinegar fiber [Freddi et al. 
2003]. 
Cosmetic industry - Papain can help dispel blotches and pimples, clean the face and 
promote blood circulation making the skin healthier and tender. Papain and bromelain are 
used in a variety of cosmetic products to provide gentle peeling effects. 
Organic chemistry - Papain is also employed for the synthesis of amino acids, 
biologically active peptides, anticancer drugs and polyaspartate [De Beer et al. 2012; Du 
2003]. 
1.5.2.2. Pharmaceutical and medicinal uses 
Stem bromelain - A vast number of medicinal benefits are claimed fi-om bromelain 
which was introduced as a therapeutic compound since 1957. The established activities of 
stem bromelain include reversible inhibition of platelet aggregation, fibrinolytic activity, 
anti-inflammatory action, the modulation of cytokines and immunity, skin debridement of 
bums, anti-tumor activity, enhanced absorption of drugs, mucolytic properties, aid in 
digestion, enhanced wound healing, improvement in cardiovascular and circular activity, 
antitumoral and antituberculosis activity etc [Baez et al. 2007; Barrett 2004; Mahajan et 
al. 2012; Maurer 2001]. It has been proposed that these effects of SB may originate from 
its unusual ability to traverse membranes [Grabovac and Bemkop-Schnurch 2006; Seifert 
etal. 1979]. 
Papain - Use of papain has been recommended for removal of debris as it exert no 
harmful effect on soft tissue because of enzyme's specificity for tissues lacking al 
antitripsine plasmatic antiprotease that inhibit proteolysis in healthy tissue. Papain has a 
long history of being used in treatment of sports injury, trauma and allergies. Papain-
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based gel has been found to be potentially effective in biochemical excavation procedures 
for dentin [Piva et al. 2008] and is also reported to possess antifungal, antibacterial and 
anti-inflammatory properties. Additionally, papain has advantages for being used for 
chemomechanical dental caries removal since it does not interfere in the bond strength of 
restorative materials to dentin [Lopes et al. 2007]. 
Chymopapain - For many years chymopapain has been used in chemonucleolysis; the 
treatment of herniated or prolapsed lumber intervertebral disks. In this treatment, the 
enzyme is injected directly into the center of affected disk for digestion of the protruded 
proteoglycan component [Couto et al. 2007; Kim et al. 2002]. The fi-agmented 
proteoglycan molecules diffuse from the disk causing a reduction in hydrostatic pressure 
on the nerve root and thus an easing of pain and disability, although such use of the 
protease is also reported to induce allergic reactions. The licensing of chymopapain as a 
drug made it potentially attractive for other medical uses. Another application has been 
found in the preparation of bone marrow cells for grafting. The cells are chosen by 
binding to specific antibody on magnetic bead. The cells are recovered with a magnet, 
and chymopapain is used to digest the antibody and thus, return the cells to a suspension 
ready for grafting [Hohaus et al. 1997]. 
1.5.3. Tying some of the loose knots... 
Plant cysteine proteases are the enzymes of tremendous industrially as well as clinical 
importance as discussed above. The versatility in the applications of these enzymes is 
mainly attributed to their being active under wide range of pH and temperature (Table 
1.2). Previous studies have shown that papain, chymopapain and stem bromelain are 
kinetically stable proteins [Bhattacharya and Bhattacharyya 2009; Manning and Colon 
2004], a factor which is likely to be responsible for their fiinctioning under such a wide 
range of conditions. Several factors have been reported to account for providing kinetic 
stability to the proteins including charge-charge interactions, engineering of disulfides 
bonds, introduction of hydrophobic residues on the surface etc. The crystal structure and 
amino acid sequence comparison shows that these proteins are rich in polar amino acid 
residues and also the aromatic amino acid residues (hydrophobic residues) are largely 
located on the surface of these proteins. A previous study on thermal stability of several 
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papaya proteases has revealed chymopapain to be most thermostable with a high Tm 
value (50-85 °C) under highly acidic conditions (pH 2.0-4.0) [Sumner et al. 1993]. It 
would be interesting to observe the influence of acidic conditions on conformation of this 
protein and to explore if perturbation of charge-charge interactions such as under acidic 
conditions affects its structure. Since effect of acidic pH on the conformation of papain 
has already been studies where a molten globule state was identified and characterized at 
pH 2.0 [Edwin and Jagannadham 1998]. The identification of such an intermediate state 
of chymopapain will also help elucidate common features regarding the folding pathway 
of these proteolytic enzymes. 
Furthermore, the usage of these enzymes as potential phytotherapeutics also demands 
exploration of their aggregation behavior under different conditions. This is essential for 
the production of safe biopharmaceuticals. The information on aggregation properties of 
plant cysteine proteases is scarcely available. As described above, stem bromelain and 
papain have been found to be quite promising phytotherapeutic drug. The use of these 
enzymes is best recommended through oral administration. Since proteins encounter 
highly acidic as well as alkaline pH in the gut and also they have to interact with 
membrane components before absorption into the blood, therefore it is crucial to examine 
the effect of such conditions on the conformation of these proteins. 
Besides, the use of these enzymes for various industrial applications also requires 
extensive analysis of their aggregation behavior. This is because aggregation of proteins 
is presently the biggest factor hindering their large scale production, transport and 
storage. Therefore for better exploitation of the potential benefits of plant cysteine 
proteases, it is needed to investigate the conditions that promote/inhibit the aggregation 
of these proteins so as to prepare the correct formulations. 
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Acid-induced unfolding of chymopapain and 
unsuitability of ANS in determination of its MG-state 
2.1. Introduction 
The process of protein folding, despite being one of the most intensely investigated areas, 
remains obscure in terms of its detailed molecular mechanism. The spontaneity and 
extreme cooperativity of this process makes it a challenging task to unravel the entire 
mechanism mainly because of the inability to populate the distinct intermediate states that 
encompass the folding pathway of a nascent polypeptide [Colon and Roder 1996; 
Kuwajima 1989; Mok et al. 2005]. Characterization of these intermediates is the key to 
unlock the step by step mechanism and to extend our knowledge on the principles 
governing protein folding [Meinhold and Wright; Reed et al. 2006]. 
In past, a lot of attention has been paid to molten globule (MG), an intermediate with 
feasible occurrence as a general physical state in the folding pathway of globular proteins 
[Dey et al. 2012; Kenoth et al. 2011; Saha et al. 2012]. The MG state generally 
corresponds to late folding intermediate and has been obtained for many proteins under 
different solvent conditions [Haq et al. 2002; Kobashigawa et al. 2000; Leal and Gomes 
2007; Sen et al. 2008]. In order to be defined as a typical molten globule, an intermediate 
requires being a compact collapsed state with substantial amount of secondary structure, 
loose tertiary contacts without tight side chain packing and a solvent accessible 
hydrophobic core [Ptitsyn 1995]. 
Conventionally, the exposed hydrophobic clusters of folding intermediates are detected 
through l-anilino-8-naphthaJene sulfonate (ANS) binding, a much utilized fluorescence 
probe for detecting the non-polar character of proteins and membranes [Schoabrunn et 
al. 2000]. In fact, the available literature reveals that molten globule state is mostly 
pinpointed from its maximum ANS fluorescence intensity under the conditions studied 
since the other typical features viz pronounced secondary structure and disrupted tertiary 
contacts often seem to merge with intermediates lying in the vicinity of MG-state 
[Ahmad et al. 2010; Devaraj et al. 2009; He et al. 2009; Kobashigawa et al. 2000; 
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Kumar et al. 2011; Sen and Mandal 2011; Tseng et al. 2012]. Such utilization of ANS 
which is based upon the principle that ANS is practically non fluorescent in water but 
produces brilliant fluorescence upon binding to hydrophobic sites of protein [Stryer 
1965] generally ignores the contribution of sulfonate group that was earlier considered 
as a mere solublizing agent for otherwise almost water-insoluble anilino-naphthalene 
moiety. However, a recent study has revealed that interaction of sulfonate group of ANS 
with charged centers of Arg and Lys residues may also result in enhanced fluorescence 
along with blue shifted emission maxima [Gasymov and Glasgow 2007]. Moreover, an 
increase in ANS fluorescence intensity may not always be associated with formation of 
MG-state as it may also point to the existence of protein aggregates [McDuff et al. 2004; 
Povarova et al. 2010]. All these observations compel one to ponder whether maximum 
ANS-fluorescence intensity always indicates the formation of MG-state? 
Chymopapain (EC 3.4.22.6), a cysteine protease isolated from latex of Carica papaya 
belongs to a + P class of proteins (Figure 2.1) [Maes et al. 1996] and shares considerable 
sequence similarity with other cysteine proteases including papain, actinidine, protease 
Q. and stem bromelain [Came and Moore 1978; Ritonja et al. 1989; Watson et al. 1990], 
providing an indication for their polypeptide chains having common folding pattern. 
Tip-185 
A.sn-1"9 
Tip 181 |v^>^^25 
Tip 26 
Figure 2.1 Three dimensional structure of chymopapain generated by Chimera software (PDB: IYAL). 
Position of Trp and active site residues is shown. 
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Although a wealth of information is available on denaturation and refolding asj)ects of 
papain and other related proteases [Chamani and Heshmati 2008; Devaraj et a. 2009; 
Edwin and Jagannadham 1998; Haq et al. 2002; Naeem et al. 2004], however few such 
reports exist about chymopapain. On the basis of maximum ANS fluorescence iatensity 
(only), chymopapain has been reported to exist in MG-state at pH 1.0 [Huet et al. 2006]. 
Detailed study, however, is required to explore the conformational alterations brought 
about under acidic conditions. The present study deals with characterization of MG-state 
of chymopapain as monitored by circular dichroism, intrinsic fluorescence, ANS binding, 
acrylamide quenching and isothermal titration calorimetry. The hydrodynamic radii of 
protein at different pH were determined through dynamic light scattering. The study 
revealed that the although ANS binds maximally to the protein at pH 1.0 as reported 
earlier, however the secondary structure content of this state is too low for a molten 
globule. Instead, the conformation of protein examined at pH 1.5 has all the 
characteristics of a MG-state. 
2.2. Materials and methods 
Chymopapain from Carica papaya (C8526), guanidine hydrochloride (GuHCl) ;ind ANS 
were purchased from Sigma-Aldrich Chemical Co., St. Louis, MO, USA. y\.ll other 
reagents used were of analytical grade. 
2.2.1. Concentration determination 
A stock solution of protein was prepared in 20 mM sodium phosphate buffer pH 7.4 and 
o 
was dialyzed at 4 C. Protein concentration was determined by using e^ "'^  ^ =18.2 
[Fatima and Khan 2007], on Perkin Elmer (Lambda 25) double beam spectrophotometer. 
The autocatalysis was checked by trichloroacetic acid (TCA) precipitatior method 
[Ahmad and Khan 2006]. The GuHCl concentration was determined by refractive index 
measurement. 
2.2.2. pH treatment of chymopapain 
pH measurements were carried out on Mettler Toledo pH meter (Seven Easy S20-K) 
using Expert "Pro3 in 1" type electrode. The least count of the pH meter was 0.01 pH 
unit. The pH meter was routinely calibrated at room temperature. 
39 
Chapter-2 i Acid denaturation of chymopapain 
Acid denaturation of chymopapain was carried out in the pH range 1.0-7.4. The protein 
samples for acid denaturation studies were prepared in 20 mM of following buffers: KCl-
HCl (pH 1.0-1.5), Gly-HCl (pH 2.0-3.0), sodium acetate (pH 3.5 -5.5), sodium 
phosphate (pH 6.0-7.4). All the buffers were fihered through PVDF 0.45 fim syringe 
filter (Millipore Millex-HV). Before spectrophotometric measurements, chymopapain 
was allowed to incubate in buffer of desired pH for 1 h at room temperature. 
2.2,3. Circular dichroism measurements 
Circular dichroism measurements were carried out on Jasco spectropolarimeter (J-815) 
equipped with a Jasco Peltier-type temperature controller (PTC-424S/15). The 
instrument was calibrated with D-10-camphorsulphonic acid. All the CD measurements 
were carried out at 25 °C with scan speed of 100 nm/min and response time of 1 s. 
Protein concentration for far-UV and near-UV measurements were 8 and 40 |iM 
respectively. The path length of cells was 1 nun for far-UV and 10 mm for near-UV CD. 
Each spectrum was the average of 2 scans. The results were expressed as MRE (Mean 
Residue Ellipticity) in deg cm^ dmof' which is defined as: 
MRE = 5 ^ ^ ^ ^ ^ (I) 
Cx/xlO 
where Oobsis the CD in milli-degree, MRW is the mean residue weight (110), / is the path 
length of the cell in cm and C is concentration in mg/ml. Helical content was calculated 
fi-om the MRE values at 222 nm using the following equation as described by Chen et al. 
[Chen etal. 1972]: 
% « - helix = rMRE„,„„ -2340 "lllnm xlOO (2) 
I, 30300 
2.2.4. Tryptophanyl fluorescence measurements 
The steady-state fluorescence measurements were performed on Hitachi F-4500 
fluorescence spectrophotometer. The experiment was performed at 25 C in 1 cm 
pathlength cell. Both excitation and emission slits were set at 5 nm. Protein concentration 
was 8 nM. The fluorescence spectra were recorded by exciting the protein samples at 295 
nm and collecting the spectra from 300 to 400 nm. 
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2.2.5. ANS binding measurements 
A stock solution of ANS was prepared in distilled water and its concentration was 
determined using molar extinction coefficient, 8M = 5000 M'* cm"' at 350 nm.. For ANS 
binding experiment, protein samples at different pH were incubated with 50 fold molar 
excess of ANS for 30 min at 25 °C in dark. The excitation wavelength for ANS 
fluorescence was set at 380 nm and the emission spectra were recorded from 400 to 600 
nm. Both the excitation and emission slits were set at 5 nm. Protein concentration was 8 
^M. 
2.2.6. Acrylamide quenching 
Fluorescence quenching experiments were performed by adding aliquots from stock 
solution of 5 M acrylamide (quencher) to protein solutions (8 ^M) in order to achieve the 
desired range of quencher concentration (0-0.25M). Samples were excited at 295 nm and 
the emission spectrum was recorded from 300 to 400 nm. The decrease in fluorescence 
intensity of protein at emission maxima was analyzed by using the Stem-Volmer 
equation: 
^ = 1 + /^3,[Q] (3) 
F 
where Fo and F are the fluorescence intensities in the absence and presence of quencher 
respectively, Ksv is the Stem-Volmer quenching constant which was calculated as the 
slope of FJFvs. [Q] plot and [Q] represents the molar concentration of quencher. 
2.2.7. Isothermal titration calorimetiy measurements 
The ITC measurements were performed on VP-ITC MicroCalorimeter from Microcal 
(Northampton, MA). The samples were thoroughly degassed under vacuum in the 
Thermovac unit supplied with the instrument. All the experiments were performed at 25 
o 
C. The sample cell was filled with 25 \M chymopapain incubated at desired pH and the 
reference cell contained respective buffer. The titrations were carried out using ANS 
solutions prepared in buffers of desired pH. Duration of each injection was 20 s and the 
time delay to allow equilibration between successive injections was 180 s. Stirring speed 
was 307 rpm and reference power was 16 ^cal/s. Control experiments were performed to 
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correct the data for the heats of dilution of ligand and buffer mixing. The heat signals 
obtained from ITC were integrated using Origin 7.0 software supplied by Micro Cal Inc. 
The binding of ANS to the acid-induced states of chymopapain fitted best to two sets of 
independent binding sites. This binding model defines association constants as: 
Ki= 5— (4) 
( l - 0 l )L 
^ 2 = - ^ ^ (5) 
(1-02)L 
where 9 is the fraction of sites occupied by the ligand. The total heat content of the 
solufion is given by: 
Q=MtVo(ni0iAHi +n202AH2) (6) 
where Mt is the total concentration of the macromolecule, VQ is the active cell volume, ni 
and n2 represent the number of ligand molecules bound to first and second set of sites 
respectively, AHi and AH2 correspond to the enthalpy change associated with respective 
binding sites. The heat released AQ(/) from the /th injection for an injection volume dVi 
is given by: 
AQ(/) = Q ( / ) + ^ 
V o . 
Q(i)+Q(i-1) 
-Q(i-1) (7) 
which is then used in the Marquardt minimization algorithm to obtain best fitting values 
until constant x^ values were achieved [Banerjee and Kishore 2005; Singh and Kishore 
2006]. 
2.2.8. Dynamic light scattering measurements 
DLS measurements were carried out with a protein concentration of 40 ^M in buffers of 
desired pH. The experiment was performed at 830 nm using DynaPro-TC-04 dynamic 
light scattering equipment (Protein Solutions, Wyatt Technology, Santa Barbara, CA) 
equipped with a temperature-controlled microsampler. Prior to measurements, the 
samples were centrifiiged at 10,000 rpm for 10 min and were filtered through 0.22 ^m 
pore sized microfilter (Whatman International, Maidstone, UK) directly into a 12 nl 
black quartz cell while ensuring removal of any trapped air bubble. Measured size was 
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presented as an average of 20 scans taken at 25 °C. The data were analysed by Dynamics 
6.10.0.10 software at optimized resolution. The mean hydrodynamic radius (74) and 
polydispersity (Pd) were estimated on the basis of an autoconelation analysis of scattered 
light intensity data based on translational diffusion coefficient by Stokes-Einstein 
equation; 
AT 
K 
67rTjD^J'' 
(8) 
-2:^ 
where Rh is the hydrodynamic radius in nm, k is the Boltzmann constant (1.3807 ^ 10 ' J 
K"'), T is the absolute temperature, rj is the viscosity of water and D^'^is the 
translational diffusion coefficient. 
2.3. Results 
2.3.1. Changes in secondary structure as monitored byfar-UVCD 
The differential absorption of a protein molecule in far-UV region, 190-250 nm, arises 
due mainly to peptide bonds which undergo a weak but broad n—>7i* transition centered 
around 220 nm and a sharp %-^n* transition near 190 nm [Kelly et al. 2005]. Thus CD 
spectra of a protein in this region can be exploited to monitor the changes in secondary 
structure. A comparison of far-UV CD spectra of chymopapain obtained at different pH 
is shown in Figure 2.2A. 
190 200 210 220 230 240 250 
Wavelength (nm) 
Figure 2.2 (A) Far-UV CD spectra of chymopapain at pH 7.4 (-•-), pH 1.5 (-•-), pH 1.0 (-•-) and n the 
presence of 6M GuHCl (- -). 
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Protein in native state at pH 7.4 exhibited minima at 208 and 222 nm, tiie latter being 
more prominent, indicating the presence of a-hehcal structure. Most of the spectral 
features of native state were retained at pH 1.5 suggesting the presence of substantial 
amount of secondary structure. This is also evident from the calculated % a-helical 
content of protein as given in Table 2.1. However at pH 1.0, the minima at 208 and 222 
nm were reduced to a single negative peak around 200 nm indicating significant loss of 
secondary structure and acquisition of an unordered conforaiation [Kelly et al. 2005]. The 
6M GuHCl denatured state of protein appeared to have lost all elements of secondary 
structure. To explore the influence of acidic pH on secondary structure of chymopapain, 
we followed changes in mean residual ellipticity, MRE at 222 nm as shown in Figure 
2.2B. 
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Figure 2.2 (B) pH-dependent changes in mean residual ellipticity (MRE) at 222 nm of chymopapain. 
Apparently no changes in the ellipticity values were observed in the pH range 3.0-7.4, 
though some structure induction was observed at pH 3.0 where MRE222 nm was slightly 
greater than the native state (Table 2.1). A gradual but invariable decrease in negative 
ellipticity was noticed below pH 3.0 suggesting that enzyme continuously loses its 
secondary structure. In comparison to native state of protein at pH 7.4 where the MRE222 
nmwas considered as 100%, the ellipticity was reduced to 72% at pH 1.5 and to mere 40% 
at pH 1.0 indicating that secondary structure is largely maintained at pH 1.5 but was 
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considerably lost under latter condition. Table 2.1 summarizes all the spectroscopic 
features of chymopapain at different pH as well as under denatured condition. 
2.3.2. Changes in tertiary structure as monitored by near-UV CD 
The response of tertiary structure of chymopapain against pH change was followed by 
near-UV CD measurements. Figure 2.3A and B show near-UV CD spectra and trend in 
MRE at 272 nm respectively of chymopapain at different pH conditions. Native state of 
protein revealed a broad maxima around 268-277 nm arising from Phe and fyr side 
chains and a trough at 295 nm contributed by Trp residues. With slight changes, the 
ordered conformation of native state remained similar to as low as pH 3.0. 
10000 -
-10000 
260 280 300 
Wavelength (nm) 
pH 
Figure 2 J (A) Near-UV CD spectra of chymopapain at pH 7.4 (-•-), pH 3.0 (-•-), pH 1.5 (-•-), pH 1.0 (-
•-) and in the presence of 6M GuHCl (- -). (B) pH-dependent alterations in mean residual eilipticity 
(MRE) of chymopapain at 272 nm. 
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An increase in the MRE272 nm at pH 3.0 with respect to the native state (Table 2.1) may 
indicate formation of additional tertiary contacts as a consequence of structure induction 
as noticed in far-UV CD results. The signals were diminished at pH 1.5 indicating 
disruption of asymmetrical environment around aromatic chromophore, thus a loss of 
rigid tertiary structure. The tertiary contacts were significantly abolished at pH 1.0 and 
the spectra resembled that of 6M GuHCl denatured state. 
2.3.3. Tertiary conformational alterations probed by Trp fluorescence 
Intrinsic fluorescence parameters such as fluorescence intensity (FI) and emission 
maxima (Xmax) provide a very sensitive mean for studying structural dynamics and 
polarity of protein chromophore viz Trp, Tyr and Phe. The pH-dependent changes in 
intrinsic fluorescence of chymopapain were measured by specifically exciting Trp at 295 
run and following conformational alterations in its vicinity. Chymopapain has four Trp 
residues, three out of which are located in R-domain and one in L-domain [Mats et al. 
1996] (Figure 2.1). As shown in Figure 2.4A, native state of chymopapain exhibited 
emission maxima at 345 nm which suggests that Trp residues are largely exposed to the 
solvent, an observation consistent with the crystal structure of enzyme. At pH 3.0, Fl was 
reduced to 50% (at its Imas) along with a blue shift of 6 nm indicating that Trp 
microenvironment became non-polar. 
300 320 340 360 380 400 
Wavelength (nm) 
Figure 2.4 (A) Fluorescence emission spectra of chymopapain at pH 7.4 (-•-), pH 3.0 (-
pH 1.0 (-•-) and in the presence of 6M GuHCl (- -). 
pH 1.5 (-•-), 
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Probably the structure induction (as observed in CD results) has fetched some of the Trp 
residues in a non-polar environment resulting in formation of a compact state at pH 3.0. 
Progressive lowering of pH led to rise in X^ ax with llirther decrease in FI. The >^ „ax for 6M 
GuHCl denatured state was red shifted to 351 nm with concomitant decrease in FI 
indicating that Trp residues are maximally exposed to the solvent. 
Figure 2.4B summarizes pH-dependent changes in FI and X-max of chymopapain. A 
significant decline in FI and A,nax was noticed between pH 7.4 and pH 3.0. As pH was 
lowered fiirther the emission maxima began to increase, crossing a value of 342 nm at pH 
1.5 and finally reaching 344 nm at pH 1.0 with simultaneous decrease in FI. These 
observations suggest that protein conformation under acidic conditions is different from 
native and 6M GuHCl denatured state. 
Figure 2.4 (B) Changes in relative fluorescence intensity (RFI) at 345 nm (-•-) and emission maxima (-
•-) of chymopapain as a function of pH. 
23.4. Evaluation of Trp accessibility at different pH by acrylamide quenching 
Fluorescence quenching by acrylamide was carried out to determine the extent of 
exposure of Trp residues under different pH conditions and hence to derive 
information about conformational changes in protein. Figure 2.5 depicts the Stem-
Volmer plot for chymopapain at different states while Table 2.2 describes the 
respective Stem-Volmer constant values (ATsv). 
As seen, Ks^ for protein at different pH followed the order 5.59 M'' (pH 7.4) > 5.21 M' 
' (pH 1.0) > 4.58 M'' (pH 1.5) > 3.4 M"' (pH 3.0). ^sv value was maximum for 6M 
GuHCl denatured chymopapain (8.02 M'') among all states. 
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As seen, K^. for protein at different pH followed the order 5.59 M"' (pH 7.4) > 5.21 M ' 
(pH 1.0) > 4.58 M"' (pH 1.5) > 3.4 M"' (pH 3.0). ^sv value was maximum for 6M GuHCl 
denatured chymopapain (8.02 M'') among all states. 
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Figure 2.5 Stem-Volmer plot of chymopapain at pH 7.4 (-•-), pH 3.0 (-•-), pH 1.5 (-•-), pH 1.0 ( •-) and 
in the presence of 6MGuHCI(- -). 
Table 2.2 Acrylamide quenching data of chymopapain at different pH and under 
denatured condition. The data are average with standard deviation of three independent 
trials. 
pH 
7.4 
3.0 
1.5 
1.0 
6M GuHCl 
Ks, (M') 
5.59 ± 0.06 
3.40 ±0.06 
4.58 ±0.05 
5.21 ±0.03 
8.02 ± 0.07 
R' 
0.9988 ±0.001 
0.9974 ±0.001 
0.9830 ±0.001 
0.9985 ±0.001 
0.9986 ±0.001 
2.3.5. ANS binding Assay 
The folding intermediates of globular protein are frequently distinguished from their 
native or denatured state through change in ANS fluorescence. In a well folded (native 
state) or fully unfolded (denatured state) protein, the hydrophobic patches are unavailable 
for binding with ANS molecules as they are buried in native state while significantly 
disrupted when protein is denatured. The partial unfolding of the protein molecule 
exposes these hydrophobic molecules which can interact with ANS molecules producing 
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an enhanced ANS fluorescence as well as blue shifted emission maxima [Park et al. 
20] I J. A comparison of ANS fluorescence spectra of chymopapain at different pH is 
shown in Figure 2.6A. As expected, the spectra of native and 6M GuHCl denatured state 
showed negligible ANS fluorescence. Also, ANS fluorescence was insignificant at pH 
3.0 where protein seems to have acquired a compact conformation which did not allow 
access of ANS molecules to the buried hydrophobic patches of protein. 
400 450 500 550 
Wavelength (nm) 
600 
Figure 2.6 (A) ANS fluorescence spectra of chymopapain at pH 7.4 (-•-), pH 3.0 (-•-), pH 1.5 (-•-), pH 
1.0 (-•-) and in the presence of 6M GuHCI (- -). 
At pH 1.5, ANS-Fl was -30 times more than native state indicating enhanced exposure of 
hydrophobic patches (Table 2.1) while maximum Fl was observed following incubation 
at pH 1.0. Besides, binding of ANS to the protein resulted in a prominent blue shift in 
A.max at low pH. A plot of ANS-Fl at 480 nm of chymopapain as a function of pH is 
shown in Figure 2.6B. 
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PH 
Figure 2.6 (B) Changes in ANS fluorescence intensity at 480 nm of chymopapain as a function of pH. 
Inset: pH dependence of ANS emission maxima {K>sad of chymopapain. 
Apparently no change in FI was observed from pH 7.4 to pH 3.0. The increase in FI was 
distinguishable below pH 3.0 and attained maximum value at pH 1.0. Protein in native 
state exhibited maximum emission of ANS fluorescence at 515 nm which decreased to 
481 nm at pH 1.0 (Figure 2.6B inset). The maximum FI as well as remarkable blue shift 
may prompt one to conclude that molten globule state of chymopapain probably exists at 
pH 1.0. However, far-UV CD data was quite inconsistent with this presumption as 
protein was found to retain very less secondary structure at pH 1.0. Therefore further 
experiments were required to trace the actual MG-state. 
2,3.6. Determining the interactive forces between ANS and chymopapain by ITC ITC 
measurements were carried out in order to examine the type of interactions between ANS 
and chymopapain at pH 7.4 (Figure 2.7A), pH 1.5 (Figure 2.7B) and pH 1.0 (Figure 
2.7C). The upper panel in the figures represents the thermogram of raw signals obtained 
from the titration of ANS with chymopapain where each peak represents a single 
injection of ANS solution. The lower panel shows the amount of heat liberated per 
injection as a function of molar ratio of ANS to protein. The ANS binding isotherm of 
chymopapain obtained at pH 7.4 could not be fitted to any binding model because 
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binding of ANS with protein did not generate an appreciable amount of heat. The binding 
isotherms generated at pH 1.5 and pH 1.0 show best non-linear fitting to two independent 
binding sites with each site binding to more than one molecule of ANS. The 
thermodynamic parameters obtained from model fitting are summarized in Table 2.3. As 
can be seen, at both pH 1.5 and 1.0 the binding of ANS molecules to the protein at high 
affinity binding site (Ki ~ 10^  M'') was derived exclusively by a large change in entropy 
(7.3 and 7.4 kcal mol-1) as the enthalpic contribution to the binding process was 
insignificant i.e -0.2 and -0.3 kcal mol-1 which is nearly equal to zero. On the other hand, 
the ANS binding to low affinity bmding site (K2 - 1 0 M") occurred at the expense of 
noticeable change in enthalpy (-4.0 and -3.4 kcal mol-1) as well as entropy (1.1 and 1.0 
kcal mol-1). It is notable that number of ANS molecules bound to protein at high affinity 
binding site (ni) is more at pH 1.5 than at pH 1.0. Whereas those bound to the low 
affinity binding site (nz) is greater at pH 1.0 than at pH 1.5. 
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2.3.7. Changes in hydrodynamic radii as examined by DLS 
Changes in hydrodynamic radii (/?h) of protein as a fiinction of pH were evaluated 
through dynamic light scattering measurements (Figure 2.8). The /?h at pH 7.4 was 
found to be 2.6 nm. A slight decrease in Ry, at pH 3.0 (2.5 nm) may be attributed to the 
the formation of compact state as observed in CD and Trp fluorescence results. The 
i?h was increased by 15.3 % at pH 1.5 and 38.4 % at pH 1.0 with respect to the native 
state. Maximum /Ji, (5.1 nm) was observed for 6M GuHCl denatured state indicating 
existence of a remarkably unfolded and expanded conformation. Moving further 
down to pH 1.5 and to pH 1.0 the i?h increased invariably to 3.0 and 3.6 nm 
respectively, thus pointing towards continuous unfolding of the molecule driven by 
structural loss upon extreme acidification. 
pH 
Figure 2.8 Effect of pH on hydrodynamic radii (-•-) and translational diffiision coefficient ( » ) of 
chymopapain. 
Similar pattern was observed in apparent molecular weight for pH-induced unfolding 
of chymopapain (Table 2.4). Since hydrodynamic radii and translational diffusion 
coefficient (Z)"°*^ )> which describes the nature of molecules in solution phase, are 
inversely related to each other. Therefore the values for Z)"°^ followed opposite 
pattern with respect to /?h (Figure 2.8 & Table 2.4). A low value of polydispersity 
(9.0-22.1%) suggests the existence of almost homogenous species and that protein 
behaved as monomer under all the conditions studied [Ahmad et al. 2010]. 
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Table 2.4 Comparison of hydrodynamic radii (R^) and translational diffusion 
coefficients (D^°^) of chymopapain at different pH. The data are average with 
standard deviation of three independent trials 
pH 
7.4 
3.0 
1.5 
1.0 
6 M GuHCl 
App. M.m (kDa) 
30.1 ±0.47 
27.9 ±1.20 
44.4 ±1.45 
67.6 ± 3.59 
169.5 ±8.94 
/?h (nm) 
2.6 ± 0.02 
2.5 ±0.05 
3.0 ±0.04 
3.6 ±0.08 
5.1 ±0.12 
Z)^v'°''^10''(cniV) 
9.42 ± 0.06 
9.76 ±0.19 
8.00 ±0.11 
6.68 ± 0.16 
3.99 ±0.10 
/*</(%) 
8.4 ± 0.64 
16.3 ±0.02 
9.0 ± 0.93 
11.7 ±0.46 
22.1 ± 8.29 
2.4. Discussion 
Under extreme acidic or alkaline conditions, complete protein denaturation usually 
remains unaccomplished. This fact, however, is advantageous in a sense that it may 
often lead to the formation of partially folded states commonly referred to as molten 
globule. In past, molten globule and related states have gained a lot of attention as 
they appear to resemble kinetic folding intermediates. Hence their study provides 
usefiil clues to several intricate aspects related to protein folding phenomena. pH 
denaturation studies of chymopapain, a cysteine protease, were thus conducted in an 
attempt to move a step ahead in this field. The denaturation of protein was carried out 
over a pH range 1.0-7.4 and the conformational perturbations were monitored through 
various spectroscopic, calorimetric and hydrodynamic techniques. 
Far-UV CD spectra of native state of chymopapain showed negative peak at 208 nm 
and 222 nm, a sign for the presence of helical structure. When exposed to acidic pH, 
the protein resisted unfolding up to pH 3.0 indicating considerable structural stability 
against moderate pH change. However when pH was lowered further, the molecule 
began to lose its secondary structure continuously without undergoing any 
reformation even at pH 1.0. Such increase in structural lability at extremely low pH 
could have been caused by charge-charge repulsion due to the protonation of 
ionizable side chain [Fink et al. 1994]. At pH 1.5, chymopapain was found to 
maintain -62% of a-helical structure with respect to native state, while at pH 1.0 the 
protein acquired a random coil like confirmation with only 20% of the structure 
retained. The spectrum of chymopapain at pH 1.5 was characterized by decreased 
MRE222 nm but almost unaltered MRE208 nm with respect to the native state. This 
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charge-charge repulsion due to the protonation of ionizable side chain [Fink, et al. 1994]. 
At pH 1.5, chymopapain was found to maintain -62% of a-helical structure with respect 
to native state, while at pH 1.0 the protein acquired a random coil like confirmation with 
only 20% of the structure retained. The spectrum of chymopapain at pH 1.5 was 
characterized by decreased MRE222 nm but almost unaltered MRE208 nm with respect to the 
native state. This observation is consistent with that previously reported for the MG-state 
of p-lactamse and phosphoglycerate kinase [Vassilenko and Uversky 2002]. On the other 
hand, pH 1.0 spectra was similar to the protein with random coil conformation as 
confirmed from appearance of a single negative peak at 200 nm which is clearly absent in 
all other conditions. We also calculated the ratio [0]208/[0]222, which probably rebes upon 
structural element packing, at different pH conditions. The values obtained were 0.79, 
1.17 and 1.94 for protein incubated at pH 7.4, pH 1.5 and pH 1.0 respectively (Table 1). 
The ratio 1.17 acquired at pH 1.5 lies well within the range (1.1-1.4) set on the oasis of 
the values observed for the MG-state of a large number of different proteins [Vassilenko 
and Uversky 2002] while the ratio 1.94 obtained at pH 1.0 lies far beyond this range. The 
data so far indicates that protein exists in MG state at pH 1.5 while exhibits unfolded 
conformation at pH 1.0. 
Near-UV CD analysis showed that tertiary structure of protein suffered no detectable loss 
between pH 7.4 and pH 3.0. However at pH 1.5, the tertiary contacts seemed to be 
significantly disrupted providing further evidence in support of MG-state at this pH. 
When monitored by intrinsic fluorescence measurements, changes in tertiary structure 
followed a biphasic transition. The first transition phase from pH 7.4 got stabilized at pH 
3.0 where a blue shift of 6 nm (Xmax at 339 nm) along with 50 % reduction in FI was 
observed, A blue shifted emission maxima accompanied by decrease in FI was also 
observed for caricain, another cysteine protease, in the same pH range [Huet et al. 2006]. 
The observed changes could be attributed to the fact that Trp-181 and Trp-185 are located 
in close vicinity of active site residues Cys-25, His-159 and Asn-179 (Figure 1) and the 
protonated form of His act as an intrinsic fluorescence quencher [Cauet 2005]. The 
second transition consisted of a gradual decrease in FI along with an increase in emission 
maxima to 342 nm at pH 1.5 and finally to 344 nm at pH 1.0. These resuhs indicate that 
Trp residues initially got buried in non-polar environment with the appearance of a 
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compact state at about pH 3.0, but the structural loss under highly acidic conditions (as 
observed in far-UV and near-UV CD measurements) led to their exposure again. The 6M 
GuHCl denatured state exhibited emission maxima at 351 nm, though FI was not as 
quenched as under acidic conditions. It is well known that response of Trp fluorescence 
during the unfolding of polypeptide varies from protein to protein depending upon the 
location of Trp residues. Besides, the fluorescence intensity is quenched not only by the 
solvent molecules but also by intrinsic quenchers such as disulfide, an amide or an 
electron accepting group on a neighboring side chain [Royer 1995]. These facts suggest 
that, at least for chymopapain, the intrinsic fluorescence quenchers (such as protonated 
His residue) are probably better able to quench Trp fluorescence than the solvent 
molecules. Nevertheless, the significant red shift (345 to 351 nm) is an indication that Trp 
residues of chymopapain are maximally exposed to solvent and the polypeptide indeed 
exists in denatured state. It is worth mentioning that the Trp FI of acid-induced MG-state 
of papain was also significantly reduced (45%) along with a 2 nm blue shift unlike its 6M 
GuHCl denatured state where FI was not much affected but a prominent red shift was 
observed [Edwin and Jagannadham 1998]. 
The dynamics of a protein molecule in solution is also manifested in the extent of 
penetration by a quencher molecule through the core of that protein. Thus, quenching 
constant was determined for different conformational states in order to compare the 
degree of exposure of aromatic residues. The data was in good agreement with intrinsic 
fluorescence results, ^sv was lowest for protein following incubation at pH 3.0 (3.4 M'') 
fiirther supporting the formation of compact conformation. Due to the shift of Trp 
residues to the interior of the protein, it might have become less accessible to the solvent 
and hence to the quencher. With increasing Trp accessibility under extreme acidification, 
the Ksy also increased to 4.58 M'' at pH 1.5 and to 5.21 M'' at pH 1.0. A!sv was maximum 
for 6M GuHCl denatured state suggesting that Trp residues were maximally exposed to 
the solvent. 
The extrinsic fluorescence results showed that ANS-FI was minimal between pH 3.0 and 
pH 7.4 demonstrating poor availability of binding sites due to intact molecular structure. 
At pH 1.5, a marked increase (-30 times) in ANS fluorescence along with a blue shift of 
23 nm (515 nm to 483 nm) was observed indicating enhanced exposure of solvent 
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accessible hydrophobic clusters. In agreement with previous finding, the maximum ANS-
FI of protein was observed at pH 1.0 [Huet et al. 2006]. However, it raised a question 
regarding the location of MG-state (at pH 1.5 or pH 1.0) as far-UV CD data clearly 
showed that the secondary structure of protein at pH 1.0 is too less for a MG-state. 
Therefore further experiments were conducted to resolve this problem. 
It is reported earlier that ANS exhibit great possibility of interacting with protein 
molecules not only through hydrophobic but also via electrostatic interactions [(jasymov 
et al. 2007; Sharma and Kishore 2009]. Therefore, we performed ITC experiments in 
order to explore the dominating interactive forces between ANS molecules and 
chymopapain under several conditions. The ANS binding parameters obtained from ITC 
results in this study are comparable to those reported for ANS binding to salt induced 
MG-state of cytochrome c by Kishore et al. [Sharma and Kishore 2009]. At pH 7.4, we 
did not observe noticeable binding of ANS molecules with protein which was also in 
agreement with extrinsic spectroscopic results. The thermodynamic parameters obtained 
from the binding isotherms at pH 1.5 and pH 1.0 revealed that at high affinity binding 
site, more ANS molecules are associated with protein at pH 1.5 (10.5 ± 0.3) than at pH 
1.0 (8.9 ± 0.2). Besides, the fact that binding of ANS occurred mainly at the expense of 
large entropy change indicates that hydrophobic interactions were predominant in the 
binding process at high affinity binding site [Ahmad et al. 2011; Ross and Subramanian 
1981]. In other words, the hydrophobic clusters of protein were more accessible tc ANS 
at pH 1.5. In contrast, the low affinity binding site of protein seemed to be occupied with 
more number of ANS molecules at pH 1.0 (22.1 ±1.1) than at pH 1.5 (15.2 ± 2.0). Also, 
the binding of ANS to this site was derived by a considerable change in enthalpy in 
addition to change in entropy suggesting the involvement of electrostatic interactions. 
Thus a considerably larger number of electrostatically bound (along with relatively i'ewer 
hydrophobically interacted) ANS molecules may be responsible for maximum ANS-FI at 
pH 1.0 as observed in extrinsic fluorescence results. This is further supported by the fact 
that in case of bovine serum albumin, an increase in net positive charge on protein below 
pH 4.0 led to increase in relative fluorescence intensity and thus the number of bound 
ANS moleculs from 5 at pH 4.0-11.0 to -12 at pH 1.0 [Matulis and Lovrien 1998]. One 
might argue that electrostatic interactions do not necessarily contribute to the 
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fluorescence intensity of tlie ANS-protein complex; however it has been reported that 
ANS fluorescence production depends exclusively on absence of water molecules 
quenching the fluorescence and not on the polar vs. nonpolar nature of ANS's immediate 
surrounding [Matulis and Lovrien 1998]. In our case, the protein molecule is remarkably 
less expanded at pH 1.0 compared to denatured state as observed in DLS experiments, 
therefore it is very likely that immediate surroundings of some of the ANS molecules that 
are electrostatically bound to chymopapain are not fully accessible to water molecules for 
fluorescence quenching, thereby leading to an enhancement in overall fluorescence 
intensity. Nevertheless, the ITC data showed that electrostatic interactions may, 
sometime, give false results and that hydrophobic clusters of chymopapain were actually 
more intact at pH 1.5 than at pH 1.0. 
Obviously the difference in the number of ANS molecules bound hydrophobically at pH 
1.5 and pH 1.0 is not very large. However when considered together with the difference 
in the secondary structural contents and the ratio [0]2O8/[0]222 of the protein under the 
same conditions, the possibility of existence of MG-state appear to be far greater at pH 
1.5 than at pH 1.0. Also, it should be noted that the increment in ANS-FI at pH 1.5 (-30 
times more as compared to the native state) is far greater than that observed for the MG-
state of ficin (~7 times) and papain (-12 times) and almost similar to that of stem 
bromelain (-27 times) [Devaraj et al. 2009; Edwin and Jagannadham 1998; Haq et al. 
2002] all of which are closely related cysteine proteases. Besides, the observed blue shift 
is also comparable to that observed for the MG-state of these and other proteins [He et al. 
2009]. All these considerations are adequate to support the facts that state at pH 1.5 is a 
molten globule. 
We also attempted to explore as to why hydrophobic interactions (in addition to 
electrostatic forces) were involved to such an appreciable extent in ANS-chymopapain 
interaction at pH 1.0. It has been reported earlier that chymopapain is a kinetically stable 
protein [Manning and Colon 2004]. This characteristic was also reflected by acid-induced 
unfolding pathway of protein where conformational transitions became prominent under 
extreme acidic pH. Such a remarkable structural stability can be attributed to presence of 
extremely stable hydrophobic core. Chymopapain is a protein with about 33 % non polar 
amino acids which impart hydrophobic character to the polypeptide. Besides, aliphatic 
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side chains of nearly 13 % basic amino acids may also be contributing towards 
hydrophobicity of this protein [Dyson et al. 2006]. Such a stable protein is less likely to 
undergo complete unfolding by acidification. To confirm this fact, we determined the 
hydrodynamic radii of chymopapain at different pH through DLS method. The analysis 
of DLS data revealed marked difference in Rh at pH 1.0 (3.6 nm) and for 6M GuHCl 
denatured state (5.1 nm). This suggests that although with unordered structure, the 
protein conformation at pH 1.0 was not much extended and might have retained some 
hydrophobic patches that interacted with ANS molecules. 
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2.5. Conclusion 
Conclusively, we propose that the intermediate state of chymopapain obtained at pH 1.5, 
having substantial amount of secondary structure, non-rigid tertiary contacts, increased 
hydrodynamic radii and maximally exposed hydrophobic clusters can be suitably referred 
to molten globule state. Furthermore, it was revealed that in case of chymopapain, 
maximum ANS fluorescence alone may not be the criteria for affirming the MG-state. 
The scheme in Figure 2.9 represents the acid-induced unfolding pathway of chymopapain 
along with the proposed mode of interaction of ANS molecules at different pH as well as 
denatured condition. 
pHl.O pHl.5 0hiG-state) 
pH7.4 
^iative stale) 
f I * f 
ANSaolcnile Hi^aCGyay LowafUly 
6MG11HCI 
penatmed State) 
Figure 2.9 Schematic representation of pH-induced unfolding pathway of chymopapain. 
As can be seen, the protein offers more (high affinity) binding sites for hydrophobic 
interactions to the ANS molecules at pH 1.5. On the other hand at pH 1.0, lesser ANS 
molecules were bound through hydrophobic forces while electrostatic interactions (low 
affinity binding site) outweigh the overall mode of interaction. 
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SDS-induced fibrillation of stem bromelain I Chapter-3 
Concentration-dependent persuasion of SDS on the 
fibrillation of stem bromelain 
3.1. Introduction 
The self-assembly of proteins caused by their aberrant misfolding and subsequent 
aggregation into amyloid fibrils is associated with several clinical disorders including 
Alzheimer's, Parkinson's, Type II diabetes and many others [Aguzzi and O'Connor 2010; 
Balch et al. 2008], The amyloid fibrils consist of characteristic cross-p structure arranged 
into the intertwined filaments of indefinite length. The diameter of these fibrils varies 
from 7 to 20 nm, depending upon fibril morphology [Nelson et al. 2005]. In addition to 
their in vivo formation, the amyloid fibrils can also be generated from many different 
unrelated peptides and proteins under carefully chosen condition. This observation 
suggests that fibril formation is an inherent property of polypeptide chain, ihough 
individual propensity may vary with the amino acid sequence as well as environmental 
conditions [Dobson 2003]. 
While enormous literature is available on amyloid forming potential of animal and 
microbial proteins [Chimon et al. 2007; De Felice et al. 2004; Dueholm et al. 2011; 
Ishimaru et al. 2003; Zhang et al. 2012], plant proteins are much less explored for such 
behavior. A recent study has revealed the presence of amyloid like deposits of maize 
transglutaminase protein in the chloroplast of transgenic tobacco plant [Villar-Pique et al. 
2010] suggesting the possible occurrence of fibril formation in proteins of plant (jrigin 
also. Stem bromelain (SB) [EC 3.4.22.32], a member of CIA family of proteolytic 
enzymes, is obtained from Amnas comosus [Barrett 2004]. SB is widely accepted as a 
potential phytotherapeutic drug due to its broad medicinal applications such as inhibition 
of platelet aggregation, angina pectoris, bronchitis, sinusitis, surgical traumas, 
thrombophlebitis, pyelonephritis and enhanced absorption of drugs, particulariy 
antibiotics, analgesic, anti-inflammatory, antitumoral and antituberculosis activity etc 
[Baez et al. 2007; Mahajan et al. 2012; Maurer 2001]. It has been proposed that these 
effects of SB may originate from its unusual ability to traverse membranes [Grabovac 
and Bemkop-Schnurch 2006; Seifert et al. 1979]. Previous report from our lab has 
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revealed that SB exists as partially folded intermediate (PFI) at pH 2.0, a state 
characterized by -40% of the native secondary structure, disrupted tertiary contacts and 
exposed hydrophobic clusters [Haq et al. 2002]. A similar situation is also encountered 
by this protein inside the acidic environment of stomach (pH ~ 2.0) following oral 
administration. The partially folded intermediates and other related states are known to 
possess greater propensity for aggregation owing to the fact that they have less ordered 
conformation and exposed hydrophobic clusters [Khurana et al. 2001]). Since SB has to 
traverse through the gut membrane before its absorption into the blood and the fact that 
peptides/proteins become fibrillar and toxic upon interaction with membrane components 
such as lipids [Bucciantini et al. 2012; Matsuzaki 2011], the study of SB interaction with 
membrane become all the more important. 
Sodium dodecyl sulfate, SDS (Figure 3.1 A), an anionic surfactant, has long been used to 
mimic the in vivo interaction of proteins with biological membranes and their subsequent 
conversion into amyloid fibrils [Giehm et al. 2010; Khan et al. 2012; Pertinhez et al. 
2002; Rangachari et al. 2007]. SDS solution greatly reduces turbidity and light scattering, 
normally encountered in lipid-peptide interaction studies, thereby making spectroscopic 
studies easier [Garavito and Ferguson-Miller 2001]. 
Sodium dodecyl sulfate, SDS 
(CH3(CH2)iiOS03Na) 
B 
CH3 
H3C N-" CH3 
Br 
Cetyl trimethyl ammonium bromide 
(C,6H33N(CH3)3Br) 
Figure 3,1 Chemical structure of (A) SDS and (B) CTAB as generated by ChemDraw Ultra 7.0. 
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Using a combination of spectroscopic techniques as well as microscopy, we demonstrate 
that in the presence of sub-micellar concentration of SDS, this PFI of SB exhibits great 
propensity to form aggregates with prominent p-sheet structure and fibrillar morpliology. 
On contrary, post-micellar concentration of SDS was found to suppress fibrillation of 
protein. The post-micellar SDS concentration was also found to stabilize the PFI against 
chemical denaturation by urea. A comparative analysis on SB conformation was carried 
out using a cationic surfactant, cetyl trimethyl ammonium bromide, CTAB (Figure 3. IB). 
The results showed that CTAB could not generate fibril formation in SB at any of the 
concentration used. 
3.2. Materials and methods 
SB from Ananas comosus (B4882), SDS (sodium dodecyl sulphate), urea and ThT 
(thioflavin T) were purchased from Sigma-Aldrich Chemical Co., St. Louis, MO, USA. 
All other reagents used were of analytical grade. 
3.2.1. Sample preparation 
The stem bromelain was dissolved in 20 mM sodium phosphate buffer pH 7.4 containing 
5 mM sodium tetrathionate for inactivation of the proteolytic activity. The protein 
solution was dialyzed extensively and subjected to size-exclusion chromatogiaphy as 
described elsewhere [Dave et al. 2010b]. Protein concentration was determined using 
^280 nm ^ 20.1 OH Pcflcin Elmer Lambda 25 UV-Visible spectrophotometer [Murachi 
1970]. The molecular weight of protein was taken as 23,800 Da [Haq et al. 2002]. The 
stock solution of SDS was prepared in 20 mM Gly-HCl buffer pH 2.0. The stock 
solutions and buffers were filtered through 0.45 )j,m syringe filter. 
To obtain partially folded intermediate (PFI) state, 5 \M SB was incubated in Gly-HCl 
buffer pH 2.0 for one hour at 25 °C. Aggregation was induced by incubating the protein 
samples (pH 2.0) with desired range of SDS concentration (0-8000 ^M) for 4 h. 
Comparative analysis was done by incubating PFI samples with desired concentration of 
CTAB (0-1000 ^M) for 4 h. 
3.2.2. pH determination 
pH measurements were carried out as described in section 2.2.2. 
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3.2.3. Conductivity measurements 
The conductivity measurements were performed on an ELICO (type CM 82T) bridge 
equipped with platinized electrodes (cell constant = 1.02 cm"'). The experiment was 
carried out in thermostated water bath. The buffer solution (20 mM Gly-HCl pH 2.0) was 
equilibrated at 25 "C for 30 min before the addition of the suitably prepared concentrated 
stock solution of SDS or CTAB. After each addition, the solution was mixed carefully 
ensuring that no foam is formed and conductivity was recorded. The critical micellar 
concentration, CMC was deteraiined from the break point in the plot of specific 
conductance (K) versus [surfactant] assuming the conductivity to be linearly related to the 
surfactant concentration. The experimental error in the temperature was 0.5 °C. 
3.2.4. Rayleigh light scattering 
Rayleigh light scattering (RLS) experiment was performed on Hitachi ¥-4500 
fluorescence spectrophotometer at 25 °C in I cm path length cuvette. Protein samples 
under desired conditions were excited at 350 nm and the intensity of the scattered light 
was recorded at 350 nm. Both excitation and emission slits were fixed at 5 nm. For 
studying time-dependent changes in aggregation reaction in different conditions, RLS 
was performed by setting identical excitation and emission wavelengths (350 nm/350 
nm). The reaction was carried out at 25 °C for 900 s at acquisition rate of 0.08 s. 
3.2.5. Turbidity measurements 
The turbidity of protein samples under different conditions was measured by recording 
absorbance at 350 nm on Perkin-Elmer Lambda 25 double beam UV-Vis 
spectrophotometer. The measurements were carried out at 25 °C in a cuvette of 1 cm path 
length. 
3.2.6. Circulardichroic measurements 
Circular dichroic (CD) measurements were performed on JASCO spectropolarimeter (J-
815). The instrument was calibrated with D-10-camphorsulfonic acid. All measurements 
were taken at 25 °C with a thermostatically controlled cell holder attached to a peltier 
with Multitech water circulator. Far-UV CD spectra (190-250 nm) were taken in cuvette 
of 0.1 cm path length. Spectra were collected with 100 nm/min scan speed and response 
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time of 1 s. Each spectrum was the average of two scans. All spectra were smootned by 
the Savitzky-Golay method with 25 convolution width. The MRE (Mean Residue 
EUipticity) in deg cm^ dmol'' was calculated using the following equation: 
j ^ ^ ^ e ^ > ^ d e g ) _ ^^ ^ 
lOxnx/xCp 
where 6obs is CD in millidegree, n is the number of amino acid residues (212), / is the 
path length of the cell in cm and Cp is the molar concentration of protein. The % a-helical 
content was calculated using the following equation [Xiao et al. 2008]: 
%a - helix = r-MRE,„«„^ -4000 208 nm xlOO (2) 
33000-4000 ; 
where MRE208 nm corresponds to the observed MRE values, 4000 is the MRE of P-form 
and random coil at 208 nm while 33000 is the MRE of pure a-helix at 208 nm. 
3.2.7. Tryptophanyl fluorescence measurements 
Fluorescence measurements were performed on Hitachi spectrofluorometer (1-4500). 
The measurements were taken at 25 "C in 1 cm path length cuvette. The fluorescence of 
Trp was excited at 295 nm and the emission spectra were recorded from 300 to 400 nm. 
Both excitation and emission slits were set at 5 nm. 
3.2.8. ThTfluorescence assay 
A stock solution of ThT was prepared in distilled water. The concentration of ThT was 
determined using £412nm = 36000 M"'cm''. Protein samples (5|iM) under desired 
conditions were incubated with 10 \M ThT for 30 min at 25 °C in dark. The fluorescence 
of ThT was excited at 440 nm and the emission spectra were recorded from 450 to 600 
nm. The spectra were corrected by subtracting the fluorescence intensity of controls 
(samples without protein). 
3.2.9. Transmission electron microscopy 
The morphology of aggregates in different conditions was examined on JEOL 21 OOF 
transmission electron microscope (TEM) operating at an accelerating voltage of 200 kV. 
Protein sample (6 ^L), incubated under different conditions, was applied on 200 mesh 
67 
Chapter-3 I SDS-induced fibrillation of stem bromelain 
copper grid covered by carbon-coated formvar film. Excess of fluid was removed after 2 
min, unbound protein was washed with miliQ water and the samples were negatively 
stained with 2% (w/v) uranyl acetate. The grids then were air-dried and viewed under 
electron microscope. 
3.2.10. Urea denaturation experiments 
Equilibrium denaturation of SB by urea in the absence and presence of SDS (in 20 mM 
Gly-HCl buffer pH 2.0) was studied by far-UV CD and intrinsic fluorescence methods. 
Stock solution of 10 M Urea was prepared in pH 2.0 buffer. Aliquots of the stock solution 
were added to the fixed concentration of protein (5 nM) so as to get the desired 
concentration of urea in the range 0-8 M. The protein in different concentration of urea 
was allowed to equilibrate for 12 h. 
3.3. Results 
3.3.1. Determining the CMC of SDS and CTAB in Gly-HCl buffer pH 2.0. 
The critical micelle concentration (CMC) of a surfactant is the minimum concentration 
above which the self-association of surfactant monomers takes place and is very sensitive 
to the ionic strength as well as pH of the solution [Otzen 2011]. Therefore, in order to 
determine the CMC of SDS as well as CTAB in 20 mM Gly-HCl buffer pH 2.0 at 25 "C 
we performed conductivity measurements. A plot of specific conductance (K) versus SDS 
or CTAB concentration is shown in Figure 3.2. 
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Figure 3.2 Plot of specific conductance (K) versus surfactant concentration at pH 2.0 for (A) SDS and (B) 
CTAB. 
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As can be observed, the two straight lines intersect at a point corresponding to 1250 \xM 
SDS (Figure 3.2A). Thus CMC of SDS in pH 2.0 at 25 "C was taken to be 1250 ^M. In 
case of CTAB we obtained a point of intersection corresponding to 250 |iM CTAB 
(Figure 3.2B). Therefore, CMC of CTAB was considered to be 250 nM. 
3.3.2. Effect of varying SDS and CTAB concentration on SB at pH 2.0 
3.3.2.1. Monitoring the aggregation by Rayleigh scattering method 
The effect of increasing concentration of SDS on partially folded intermediate (PFl) of 
SB was monitored by Rayleigh scattering method. As can be observed in Figure 3.3A, 
the intensity of light scattered at 350 nm was negligible for protein sample at 0 [iM SDS. 
The incubation of the samples with sub-micellar SDS concentration (50-1000 jxM) led to 
progressive increase in scattering intensity. 
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Figure 3.3 Effect of increasing concentration of (A) SDS and (B) CTAB on Rayleigh light scattering 
350nmofSB(pH2.0). 
at 
Samples containing 500-1000 |JM SDS produced significantly high scattering intensity 
indicating strong protein aggregation. An increase in SDS concentration beyond CMC 
caused reduction in extent of light scattering which subsequently became insignificant at 
3000 |xM or higher concentration of the surfactant. This suggests that post-micellar 
concentration of SDS is unable to induce aggregation in SB. 
On the other hand, addition of increasing concentration of CTAB did not generate 
appreciable changes in light scattering of the PFI samples at either below or above its 
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CMC (Figure 3.3B) which suggests that cationic surfactant is not capable of inducing 
aggregation in SB under acidic condition. 
The time-dependent changes in aggregation of PFl were also examined by monitoring 
light scattering at 350 nm. As shown in Figure 3.4 A, light scattering of the PFI samples 
in absence of surfactant exhibited no detectable changes throughout the time period 
studied. Addition of 100 ^M, 250 ^M and 500 ^M SDS to PFl resulted in a rapid 
increase in light scattering intensity in the following order: 100 j^ M SDS < 250 [iM SDS 
< 500 nM SDS. The increase in scattering intensity was stabilized within -300 seconds. 
A slight decrease in light scattering in the presence of 500 ^M SDS after 300 seconds 
may be due to the formation of large sized aggregated that might have settled in the 
cuvette. 
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Figure 3.4 Time-dependent changes in Rayleigh scattering at 350 nm of SB (pH 2.0) in the absence and 
presence of increasing concentration of (A) SDS and (B) CTAB. 
In contrast, addition of 100, 250 and 500 yM CTAB to the PFI did not produce any 
significant change in light scattering with increase in time as shown in Figure 3.4B. This 
indicates inability of cationic surfactant to induce aggregation in SB at pH 2.0. 
3.3.2.2. Aggregation of SB as examined by turbidity measurements 
We also monitored the aggregation of SB by turbidity measurements where the 
absorbance of the samples at 350 nm exhibited similar pattern as that obtained from light 
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scattering data. As shown in Figure 3.5A, the turbidity of protein sample in the absence 
of SDS was insignificant. Samples containing 500-1000 .^M SDS gave considerably high 
turbidity, while those incubated with higher SDS concentration yielded low or poor 
turbidity. 
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Figure 3.5 Effect of increasing concentration of (A) SDS and (B) CTAB on turbidity at 350 nm of SB (pH 
2.0). 
The data from turbidity measurements also suggests formation of large-sized aggregates 
of SB in the presence of 500-1000 ^M SDS at pH 2.0. In contrast, PFI samples incubated 
with increasing CTAB concentration showed no significant enhancement in turbidity 
when compared with sample containing no CTAB (Figure 3.5B) indicating absence of 
aggregation process. 
3.3.2.3. Effect of SDS and CTAB on secondary structure of SB. 
The effect of increasing concentration of SDS on secondary structure of PFI was 
followed by far-UV circular dichroism. Far-UV CD spectrum of SB at pH 7.4 (native 
state) exhibited a large minima at 208 nm and a shoulder at 222 nm (Figure 3.6A). These 
characteristic spectral features of SB have been reported by many others [Bhattacharya 
and Bhattacharyya 2009; Dave et al. 2010a]. The spectra of protein obtained following 
incubation at pH 2.0 revealed a decrease in MRE values at respective minima. This 
indicates loss of secondary structure under acidic pH. The MRE208 nm value at pH 7.4 was 
-8357.32 deg cm^ dmol' while at pH 2.0 it was reduced to -5981.73 deg cm^ dmol"' The 
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% a-helical content of SB was calculated to be 15 and 6.8% at pH 7.4 and pH 2.0 
respectively. 
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Figure 3.6 (A) Far-UV CD spectra of SB at pH 7.4 (-•-), pH 2.0 (-•-), pH 2.0 + 500 ^M SDS (-•-), + 
2000 nM SDS (-•-), + 4000 ^M SDS (-•-). (B) Changes in MREjogmnC") and MRE2i8„m(") of SB at pH 
2.0 as a function of SDS concentration 
This implies that SB retains about 45% of the native a-helical structure at pH 2.0 which 
supports the formation of characteristic PFI as reported earlier. Addition of 500 \iM SDS 
to the PFI generated spectra with a single negative peak at 218 nm which points toward 
prominent acquisition of (3-sheet structure. This indicates that the aggregates formed by 
SB have characteristics of amyloid fibrils. In contrast, the spectra obtained at post-
micellar SDS concentration (2000-8000 |xM) were very similar to that of native state. 
Further, the secondary structure content of protein incubated with 2000-8000 \iM SDS 
seemed to be more as compared to the native state as can be deduced from increase in 
MRE value at 208 and 222 nm with respect to the native state. 
Figure 3.6B shows the changes in MRE at 208 and 218 nm versus SDS concentration. At 
sub-micellar concentration (500-1000 nM) of SDS the MRE values at 218 nm were more 
negative than at 208 nm indicating CD spectra with predominant P-sheet structure. On the 
other hand, at post-micellar SDS concentration (2000-8000 ^M) negative MRE values at 
208 nm exceeded those at 218 nm suggesting increase in helical structure of protein. The 
influence of varying concentration of CTAB on secondary structure of PFI was limited 
only to a moderate increase in helical structure of protein (Figure 3.6C) without 
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intervention of an initial transition to P-sheet rich structure. This can be deduced 'Vom a 
continuous increase in MRE at 208 and 222 nm from 50-500 nM CTAB. No further 
secondary structural aUerations were observed at higher concentration of CTAB (data not 
shown). The far-UV CD data also demonstrate strong potential of SDS, but not CT \B, to 
induce fibrillation in SB. 
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Figure 3.6 (C) Far-UV CD spectra of SB at pH 7.4 (-•-), pH 2.0 (-•-), pH 2.0 + 50 nM CTAB (-•-), + 150 
HM CTAB (-•-), + 250 i^M CTAB (-•-), + 500 ^M CTAB (-«-). 
3.3.2.4. Effect of SDS and CTAB on tertiary structure of SB. 
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Figure 3.7 (A) Changes in Trp emission maxima (k^^^) of SB in native state at pH 7 4 (-«-) and PIT at pH 
2.0 (-•-) at increasing SDS concentration. (B) Changes in relative fluorescence intensity (RFI) at 347 nm as 
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The transitions in tertiary structure of PFI upon incubation with 0-8000 i^ M SDS were 
followed by monitoring changes in fluorescence emission maxima (> a^x)- SB contains 
five Trp residues [Ritonja et al. 1989]. As shown in Figure 3.7A, native state of protein 
exhibited maximum fluorescence emission at 347 nm suggesting that most of the Trp 
residues are exposed to the solvent. The accessibility order of Trp residues is given in 
section 4.3.6. At pH 2.0, the X^ax was blue shifted by 2 nm accompanied by decrease in 
fluorescence intensity (Figure 3.7B) as reported previously [Haq et al. 2002], thus 
suggests the formation of characteristic PFI. The concentration-dependent effects of SDS 
on PFI were also evident in the intrinsic fluorescence parameters. The sub-micellar SDS 
concentration (500-1000 |iM) produced a sharp blue shift of 8-10 nm (Figure 3.7A) 
accompanied by pronounced increase in fluorescence intensity (Figure 3.7B). A sharp dip 
in A^nax indicates that Trp residues are considerably shielded from solvent. This may be 
due to strong aggregation of SB whereby Trp residues that were relatively exposed in PFI 
might have got buried in the non-polar environment inside the aggregates. Above CMC, 
the Xinax began to rise and became more or less constant at 2000-8000 |aM SDS with 
simultaneous decrease in fluorescence intensity.This suggests that suppression of 
fibrillation at post-micellar SDS concentration has facilitated the solvent re-exposure of 
Trp residues. It is worth noticing that emission maxima in the presence of 4000-8000 ^M 
SDS was slightly lower (341-343 nm) than in the PFI state (345 nm). This suggests that 
some of Trp residues might have been sequestered in non-polar environment around the 
newly formed secondary structures which are induced upon incubation with post-micellar 
SDS concentration (as noticed in the far-UV CD spectra). This suggests that tertiary 
environment of SB in native state and PFI incubated with post-micellar SDS 
concentration are different. 
Evaluation of changes in tertiary structure of PFI following incubation with CTAB 
revealed only minor fluctuation in ^ x as can be observed in Figure 3.8A. The >-max was 
red-shifted to 346 nm in the presence of 10-100 ^M CTAB followed by a consistent blue-
shift to 345 nm up to 1000 p.M CTAB. The fluorescence intensity was enhanced 
considerably from 200-1000 ^M CTAB as shown in Figure 3.8B. These changes in the 
tertiary structure of PFI in the presence of CTAB can be attributed to small increase in 
secondary (helical) structure content of protein, as observed in far-UV CD experiments, 
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due to which Trp residues that were exposed in PFI might have slightly shifted to non-
polar interior of protein resulting in blue shifted emission maxima as well as enhanced 
fluorescence intensity. 
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Figure 3.8 (A) Changes in Trp emission maxima (Xmax) of SB in native state at pH 7.4 (-•-) and PF[ at pH 
2.0 (-•-) at increasing CTAB concentration. (B) Changes in relative fluorescence intensity (RFI) at 347 nm 
as a function of CTAB concentration at at pH 7.4 (-•-) and PFI at pH 2.0 (-•-). 
3.3.2.5. Studying the nature of aggregates by ThT fluorescence assay 
The light scattering and turbidity methods are known to detect the presence of both 
amorphous and fibrillar material whereas ThT fluorescence is selective for fibrillar 
aggregates alone [Krebs et al. 2005]. Therefore the aggregates induced by SDS in SB 
were further checked for their ability to bind ThT. Figure 3.9A shows the ThT 
fluorescence spectra (subtracted fi-om appropriate blanks) of PFI of SB at different SDS 
concentrations. An appreciably enhanced ThT fluorescence intensity was observed m the 
presence of 500 \M SDS which indicates the formation of amyloid-like fibrils and thus 
rules out the possibility of amorphous aggregates. 
A plot of ThT fluorescence intensity at 485 nm versus SDS concentration is shown in 
Figure 3.9B. As SDS was added, there was a progressive increase in ThT fluorescence up 
to 500-1000 nM SDS after which the fluorescence intensity gradually declined and 
subsequently reduced to insignificant values. This suggests that PFI of SB has remarkable 
propensity for fibril formation when incubated with sub-micellar SDS concentration. 
However, fibrillation was suppressed at post-micellar concentration of SDS. 
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Figure 3.9 (A) ThT fluorescence spectra of SB at pH 2.0 in the presence of 0 jiM SDS (-•-), 500 nM SDS 
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3.3.2.6. Morphology of fibrils as examined by transmission electron microscopy 
Since the morphology of the fibrils is greatly influenced by the solvent conditions, 
therefore we examined the same for SDS-induced fibrils of SB. As observed in Figure 
3.10A and B, the sample incubated with 500 |j,M SDS revealed a network of large 
number of needle-like unbranched fibrils further supporting the absence of amorphous 
aggregation. 
Figure 3.10 Transmission electron microscopic images of SB (pH 2.0) in presence of 500 ^M SDS at (A) 
100 nm and (B) 20 nm resolution. 
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Similar type of fibril morphology has been examined for several different proteins 
incubated with sub-micellar SDS concentration below their respective isoelectric points 
[Khan etal. 2012]. 
3.3.2.7. Evaluation of conformational stability of PFI at post-micellar SDS 
concentration by chemical denaturation 
The suppression of aggregation as well as remarkable increase in secondary structure 
content of PFI of SB at post-micellar SDS concentration persuaded us to check the 
stability of SB under such condition. Urea denaturation of PFI at pH 2.0 in the absence as 
well as presence of 4 mM SDS concentration was performed by far-UV CD (Figure 3.11) 
and intrinsic fluorescence methods (Figure 3.12). As can be seen from the Figure 3.11, 
transition curve of PFI at pH 2.0 was not sigmoidal with structural changes starting from 
as low as 0.25 M urea. The PFI appeared to be completely denatured in the presence of 4 
M urea since no further decrease in (negative) MRE values were detected at higher 
concentration of the denaturant. In contrast, the PFI incubated with 4 mM SDS snowed 
considerable resistance towards urea-induced denaturation as evident from mairginal 
changes in ellipticity value from 0-8.5 M urea suggesting incomplete denaturation of 
protein. 
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Figure 3.11 Changes in MRE208 nm of SB (pH 2.0) as a function of urea concentration in the absence (-•-) 
and presence (-•-) of 4 mM SDS, 
The intrinsic fluorescence analysis (Figure 3.12) revealed that Tip emission maxima 
showed a red-shift from 345 imi to 352 nm in the presence of 8.5 M Urea indicating 
maximum solvent exposure of Trp residues. 
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Figure 3.12 Changes in k^^ of SB (pH 2.0) as a function of urea concentration in the absence (-•-) and 
presence (-•-) of 4 mM SDS. 
In contrast, incubation of PFI with 4 mM SDS resulted in enhancement of chemical 
stability as can be inferred from less increase in X^ ax value which did not exceeded 
beyond 345 nm even in the presence of 8.5 M. The results clearly demonstrate that 
formation of helical structure at post-micellar SDS concentration imparts some stability 
to the labile partially folded conformation of SB and protect it against chemical 
denaturation. 
3.4. Discussion 
Effect ofsub-micellar SDS concentration on PFI of SB 
The studies involving aggregation of therapeutic proteins have important implications not 
only for maintaining their stability during manufacturing process where they are exposed 
to harsh treatments such as extremes of pH, temperature etc [Wang et al. 2010], but also 
for ensuring their safety and efficacy [Demeule et al. 2009]. The results described in this 
study show that although a protein of great therapeutic value, SB can produce fibrillar 
aggregates imder specific conditions. 
Initially, CMC of SDS was determined by conductivity experiment. The CMC of SDS in 
20 mM Gly-HCl buffer pH 2.0 at 25 °C was found to be 1250 ^iM. We observed that 
incubati«>n of PFI of SB with sub-micellar SDS concentration rapidly induced fibril 
formation in SB. Light scattering and turbidity analysis showed that incubation of PFI 
anionic surfactant i.e., SDS resulted in aggregate formation in SB. The continuous 
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increase in light scattering and turbidity at 350 nm in the presence of 50-1000 uM SDS 
concentration suggests an increase in both size and population of aggregateo species 
[Khan et al. 2012]. Maximum increase in light scattering intensity and turbidity was 
noticed between 500 to 1000 \M SDS. We also examined the time-dependent changes in 
aggregation reaction. It was found that addition of sub-micellar SDS concentration 
rapidly induced aggregation of PFI without intervention of a detectable lag phase. Similar 
aggregation profile was observed for heparin sulfate-induced aggregation ol human 
muscle acylphosphatase as reported previously [Motamedi-Shad et al. 2012]. 
The aggregates formed were further characterized by far-UV CD spectroscopy It was 
observed that the PFI transformed into a conformation with pronounced p-sheet 
secondary structure in the presence of 500 ^M SDS. This suggests that aggregates of SB 
have characteristics of amyloid fibrils. The changes in tertiary conformation of protein as 
monitored by intrinsic fluorescence analysis revealed that Xmax of native SB (347 nm) was 
only slightly perturbed upon formation of PFI (345 nm). However, the X^rax was 
remarkably blue shifted (335 nm) with simultaneous increase in fluorescence intensity 
upon treatment with same SDS concentration. These observations indicate that SDS 
readily induced fibril formation in protein due to which Trp residues that were exposed in 
PFI were now buried in nonpolar environment inside the fibrils. When SDS concentration 
was raised above CMC, fibril formation was suppressed and X^ ax increased accordingly 
with simultaneous decrease in fluorescence intensity. 
In order to characterize the fibrillar nature of aggregates we performed ThT fluorescence 
assay. The ThT fluorescence intensity of PFI samples was negligible in the absence of 
SDS. However addition of increasing concentration of sub-micellar SDS concentration 
led to a progressive increase in ThT fluorescence intensity which further supported 
formation of fibrillar species and ruled out possibility of amorphous aggregation. 
To visualize the morphology of fibrils formed we analyzed PFI samples incubated with 
500 ^M SDS by TEM. The images obtained fi-om TEM revealed formation of straight 
unbranched fibrils. All these observation demonstrate strong potential of SB to form 
amyloid- like structure. Similar type of fibril morphology has been examined for several 
different proteins incubated with sub-micellar SDS concentration below their respective 
isoelectric point [Khan et al. 2012]. 
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Effect ofCTAB on PFI of SB 
In a recent study, we have demonstrated that SDS behaves as an amyloid inducer. This 
conclusion was drawn on the basis of the findings that incubation of several different type 
of proteins, below two units of their respective isoelectric points (pi), with an appropriate 
molar ratio of SDS resulted in formation of amyloid-like fibrillar structures. In the same 
study, it is also proposed that ionic interactions between negatively-charged SDS 
molecules and positive charged amino acid residues of protein (incubated below pi) play 
major role in fibrillation induction. This is because performing similar experiments above 
pi of proteins (where net negative charge is developed on protein) did not favored 
aggregation [Khan et al. 2012]. Since PFI (pH 2.0) of SB is a conformation with net 
positive charge (pi 9.5) and exposed hydrophobic clusters, therefore taking into 
consideration our previous findings, we sought to investigate the forces responsible 
fibrillation of SB in the presence of SDS. For this, we performed a comparative study on 
PFI using CTAB, a cationic surfactant with 16 carbon long hydrophobic tail. The CMC 
of CTAB in 20 mM Gly-HCl buffer pH 2.0 as determined by conductivity experiment 
was found to be 250 jxM. 
The data obtained from light scattering and turbidity experiments revealed that CTAB 
was incapable of generating fibrillation in PFI at any of the concentration studied. Far-
UV CD measurements also showed no evidence of formation of a p-sheet rich structure. 
Rather, CTAB at 50-1000 ^M concentration only served to induce a slight degree of 
helical structure in protein. Further, intrinsic fluorescence studies revealed a small change 
in emission maxima that could not be attributed to fibril formation as observed in case of 
SDS-treated protein. All these results strongly supported the fact that ionic interactions 
indeed play a very important role in fibrillation of SB. 
Effect ofpost-micellar concentration on PFI of SB 
So far we have discussed the influence of sub-micellar concentration of SDS (50-1000 
^M) on conformation of PFI and comparison of these results with CTAB. Another 
important observation made in the present study was the effect of higher or post-micellar 
concentration of SDS on PFI. Whereas sub-micellar SDS concentration efficiently 
generated amyloid-like fibrils in SB, the post-micellar concentration has an opposite 
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effect. SDS concentration from 1500-8000 |xM remarkably suppressed the tendency of 
protein to undergo fibrillation. Tliis was evident from light scattering and turbidity 
measurements where scattering intensity and absorbance respectively of Pl-I in the 
presence of 2000-8000 n-M SDS significantly reduced to values similar to that obtained in 
the absence of the surfactant. Such an effect of SDS on protein conformation i.e. 
induction of fibrillation at sub-micellar concentration and inhibition of the same at post-
micellar concentration is in agreement with previous reports [Hung et al. 2010; Pertinhez 
et al. 2002]. The lack of ability to generate of fibrillafion can be attributed to increased 
helical propensity of protein as monitored in far-UV CD experiment. Similar conclusion 
has been drawn by others [Giehm et al. 2010]. 
Since partially folded intermediates have low secondary structure content and they have 
been reported to act as precursors for p-sheeted amyloid formation in several cases [Fink 
1998; Khurana et al. 2001], the increase in secondary, particularly helical structure is 
likely to stabilize protein against aggregation. To assess the stability of PFI conformation 
in the absence and presence of post-micellar SDS concentration, we performed chemical 
denaturation by using urea. It is worth mentioning here that urea denaturation was not 
performed at native (pH 7.4) condition as SB is reported to resist complete denaturation 
by urea at neutral pH [Ahmad et al. 2009]. We found that 4 mM SDS greatly stabilizes 
the PFI against urea denaturation upto 9M urea. The results from urea denaturation 
experiment indicate that SDS micelle might have transformed the aggregation prone and 
labile PFI into stable and helical-rich conformation that did not aggregate. 
It should be noted that both SDS monomers as well as micelles carry negative charge, 
however only monomeric species appeared to exhibit fibrillafion-inducing potential. This 
observation draws attention to the fact that charge-charge interactions are crucial but not 
the sole factor responsible for inducing fibril formation in protein. The preferential 
interaction of hydrophobic tail of SDS with the exposed hydrophobic clusters of PFI also 
appears to be very important for aggregation to proceed. This may be the possible reason 
as to why micellar species of SDS, where tail of surfactant is not in direct contact with 
hydrophobic patches of PFI could not generate equivalent effect. The overall results of 
this study are summarized in a schematic form as shown in Figure 3.15. 
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Figure 3.15 Schematic presentation of SDS/CTAB-concentration dependent changes in SB at pH 2.0 
3.5. Conclusion 
We studied the effect of increasing concentration of SDS on PFI of SB. a 
phytotherapeutic protein. Whereas sub-micellar SDS concentration induced formation of 
amyloid-like fibrils in SB, the post-micellar SDS concentration could not generate such 
an effect. Given the formation of PFI under acidic conditions (as in the gastrointestinal 
tract) and its potential to form fibrillar aggregates upon interaction with SDS, a 
membrane mimetic, the study described herein suggests that apart from studying its 
benefits, SB should also be examined for its in vivo aggregation and influences of such 
behavior, if any, on host. Besides, care should be exercised in the use of excipients while 
preparing pharmaceutical formulation of SB. Furthermore, influence of post-micellar 
SDS concentration on PFI together with comparative analysis done using cationic 
detergent CTAB) revealed that ahhough electrostatic interaction appears to be the driving 
force for SDS-induced amyloid fibril formation, the hydrophobic interaction between 
protein and surfactant are also essentially important. 
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Inhibition of SDS-induced fibrillation of stem 
bromelain by naphthalene derivatives: A mechanistic 
insight 
4.1. Introduction 
Amyloids are insoluble fibrillar aggregates of proteins/peptides [Hard and Lendel 
2012]. These well-ordered supramolecular assemblies that are formed both 
intracellular!y as well as extracellularly are associated with major human diseases and 
have key medical importance [Beeg et al. 2013]. It is now a well established fact that 
the ability of polypeptide to form amyloid structures is not restricted to the relatively 
small numbers of pathogenic proteins, but appears to be a generic feature of 
aggregated polypeptide chains [Dobson 2003]. 
In past, there has been intense discussion on how a normally soluble protein 
spontaneously converts into pathogenic amyloid structure. The molecular origin of 
fibril stability has been an area of intense research and the characteristic main-chain 
hydrogen bonding between the adjacent polypeptides is considered to make important 
contribution [Makin 2005, Sawaya 2007]. Additional sources of fibril stability that are 
traced out from high-resolution structural studies include ionic pairing and aromatic 
7i-7t interactions between amino acid side chains [Makin 2005, Nelson 2005]. A 
number of structurally unrelated compounds have been probed for their ability to 
weaken the intermolecular interactions that stabilize the fibrils and to inhibit the self-
assembly of protein [De Lorenzi et al. 2004]. However despite immense investigation 
the comprehensive details of the mechanism underlying protein aggregation is yet not 
clear and currently there is no real cure available for treating the devastating diseases. 
Stem bromelain (SB) [EC 3.4.22.32], a member of CIA family of proteolytic 
enzymes is obtained fi-om Ananas comosus [Barrett 2004]. SB is widely accepted as a 
potential phytotherapeutic drug due to its broad medicinal applications such as 
inhibition of platelet aggregation, angina pectoris, bronchitis, sinusitis, surgical 
traumas, thrombophlebitis, pyelonephritis and enhanced absorption of drugs, 
particularly antibiotics, antianalgesic, anti-inflammatory, antitumoral and 
antituberculosis activity etc. [Baez et al. 2007; Mahajan et al. 2012; Maurer 2001]. 
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Earlier, we have reported that SB exhibits features of a partially folded intermediate 
(PFI) at pH 2.0 [Haq et al. 2002]. In chapter 3, we have demonstrated that this PFI 
possess ability to form large-sized P-sheeted aggregates with fibrillar morphology in 
the presence of sub-micellar concentration of SDS. 
In the present study, we demonstrate the effect of two naphthalene-based small 
molecules, ANS (l-anilino-8-napthalene sulfonate) and bis-ANS (4,4'-dianilino-l,r-
binaphthyl-5,5'-sulfonate) on the SDS-induced fibrillation of SB. Studies on usage of 
ANS and bis-ANS (Figure 4.1) in identifying the protein folding intermediates and 
detection of protein aggregates are abundant in literature [Hawe et al. 2008]. 
However, only few studies have focused on their effect on inhibition of self-assembly 
of proteins. Previously, ANS has been shown to weakly inhibit the thermal 
aggregation of carbonic anhydrase while bis-ANS is reported to exert strong 
inhibitory action on the self-assembly of prion protein, insulin B chain and thermal 
aggregation of alcohol dehydrogenase [Cordeiro et al. 2004; Fu et al. 2005; Kundu 
and Guptasarma 1999]. 
With brief explanation, such inhibitory potential of these compounds, particularly bis-
ANS, is attributed to their hydrophobic interaction with protein thereby preventing 
aggregation. Our data, however, demonstrate that the protective effect of bis-ANS and 
ANS against the self-assembly of SB is exerted not only through hydrophobic 
interactions but there is possible involvement of other noncovalent forces particularly 
Ji-7t interactions. 
B 
Figure 4.1 Chemical structures of naphthalene derivatives. (A) l-anilinonaphthalene-8-sulfonate 
(ANS) and (B) 4,4'-dianilino-l,r-binaphthyl-5,5'-sulfonate (bis-ANS) as drawn by ChemDraw Ultra 
7.0. 
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4.2. Materials and methods 
SB from Ananas comosus (B4882), SDS (sodium dodecyl sulfate), ANS (l-anilino-S-
naphthalene sulfonate), bis-ANS (4,4'-dianilino-l,r-binaphthyl-5,5'-sulfonate) and 
ThT (thioflavin T) were purchased from Sigma-Aldrich Chemical Co., St. Louis, MO, 
USA. All other reagents used were of analytical grade. 
4.2.1. Sample preparation 
The stem bromelain was dissolved in 20 mM sodium phosphate buffer pH 7.4 
containing 5 mM sodium tetrathionate for inactivation of the proteolytic activity. The 
protein solution was dialyzed extensively and subjected to size-exclusion 
chromatography as described elsewhere [Dave et al. 2010b]. Protein concentration 
was determined using £280 nm~ 20.1 on Perkin Elmer Lambda 25 UV-Visible 
spectrophotometer [Murachi 1970]. The molecular weight of protein was taken as 
23,800 Da [Haq et al. 2002]. The stock solution of SDS was prepared in 20 mM Gly-
HCl buffer pH 2.0. Concentration of ANS and bis-ANS was determined using 8 .^ Q ^ ^ 
= 5000 M''cm"' and &^^^^,^ = 16,790 M"'cm"' respectively [Qadeer et al. 2012; 
Sudhakar and Fay 1996]. The stock solutions and buffers were filtered through 0.45 
fim syringe filter. 
To obtain partially folded intermediate (PFI) state, 5 (xM SB was incubated in Gly-
HCl buffer pH 2.0 for 1 h at 25 °C. Aggregation was induced by incubating the 
protein samples (pH 2.0) with 500 ^M SDS concentration for 4 h. For study of 
aggregation inhibition, the PFI of SB was incubated with desired concentration of 
ANS and bis-ANS for one hour prior to the addition of SDS. Unless otherwise 
mentioned, the protein concentration in all the experiments was 5 ^ iM. 
The samples for pKa determination were prepared by incubating desired 
concentration of ANS/bis-ANS in 20 mM of following buffers: KCl-HCl (pH 0.6-
1.5), Gly-HCl (pH 2.0-3.0), sodium acetate (pH 3.5 -5.5), sodium phosphate (pH 
6.0-7.5), tris-HCl (pH 8.0-8.5), Gly-NaOH (pH 9.0-10.0) and also in 0.1 M HCl or 
NaOH for at least 4 h in dark. Samples for assaying the effect of salts and alcohols on 
PFI were prepared by incubating the PFI with 500 ^M NaCl/Na2C03/Na2S04 or 30 % 
methanol/ethanol/isopropanol for at least 4 h. 
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4.2.2. Conductivity measurements 
The conductivity measurements for determination of CMC of SDS in the presence of 
naphthalene derivatives and other additives were done as described in section 3.2.3. 
4.2.3. Rayleigh light scattering 
Rayleigh Hght scattering (RLS) experiment was performed on Hitachi F-4500 
fluorescence spectrophotometer at 25 °C in 1 cm path length cuvette. Protein samples 
under desired conditions were excited at 350 and the intensity of the scattered light 
was recorded at 350 nm. Both excitation and emission slits were fixed at 5 nm. The 
equilibrium data obtained from light scattering measurements was fitted using Sigma 
plot 12.0 to single exponential equation: 
^ = i^.e-^f^^ (1) 
where Fo and F are the scattered light intensities at 350 nm in the absence and 
presence of inhibitor, A is the inhibition constant and [/] is the concentration of 
inhibitor (ANS/bis-ANS). For studying time-dependent changes in aggregation 
reaction in different conditions, RLS was performed by setting identical excitation 
and emission wavelengths (350 nm/350 nm). The reaction was carried out at 25 °C for 
900 s at acquisition rate of 0.08 s. The time-dependent changes in light scattering 
intensity were fitted to double exponential equation using Sigma plot 12.0 as reported 
elsewhere [Jain et al. 2011]. 
4.2.4. Fluorescence Spectroscopy 
Fluorescence experiments were performed to obtain Job plots for determination of 
ligand (ANS/bis-ANS) stoichiometry where the total concentration of protein and 
ligand was fixed (25 i^M) while the mole fractions of the ligand was varied. The 
fluorescence of ANS and bis-ANS was excited at 380 and 385 nm respectively and 
the emission spectra were collected from 400 to 600 nm. The fluorescence intensity 
(normalized with respect to the maximum value obtained under given condition) at 
respective emission maximum (480nm/485 nm) was plotted against mole fraction. 
4.2.5. ThTfluorescence assay 
A stock solution of Thioflavin T (ThT) was prepared in distilled water. The 
concentration of ThT was determined using 8^,2 „„ = 36000 M''cm''. Protein samples 
o 
(5^M) under desired conditions were incubated with 10 \iM ThT for 30 min at 25 C 
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in dark. The fluorescence of ThT was excited at 440 nm and emission spectra were 
recorded from 450 to 600 nm. The spectra were corrected by subtracting the 
fluorescence intensity of controls (samples without protein). 
4.2.6. Transmission electron microscopy 
The morphology of aggregates in different conditions was examined on JEOL 21 OOF 
transmission electron microscope (TEM) operating at an accelerating voltage of 200 
kV. Protein sample (6 |aL), incubated under different conditions, was applied on 200 
mesh copper grid covered by carbon-coated formvar film. Excess of fluid was 
removed after 2 min, unbound protein was washed with miliQ water and the samples 
were negatively stained with 2% (w/v) uranyl acetate. The grids then were air-dried 
and viewed under electron microscope. 
4.2.7. Isothermal titration calorimetry 
The ITC measurements were performed on VP-ITC titration calorimeter from 
Microcal (Northampton, MA). The samples were thoroughly degassed under vacuum 
in the Thermovac unit supplied with the instrument. The titrations were performed at 
25, 30 and 37 "C. The sample cell was loaded with 25 i^M SB at pH 2.0 (20 mM Gly-
HCl buffer) and the reference cell contained respective buffer. The titrant (ANS/bis-
ANS) solution was loaded into the injection syringe. Each experiment consisted of 28 
consecutive injections of 10 |JL aliquots. Duration of each injection was 20 s and the 
time delay to allow equilibration between successive injections was 180 s. Stirring 
speed was 307 rpm and reference power was 16 ^cal/s. Control experiments were 
performed to correct the data for the heats of dilution of ANS/bis-ANS and buffer 
mixing. The net enthalpy for SB-ANS and SB-bisANS association was determmed by 
subtraction of the component heats of dilution from each injection heat pulse. The 
heat signals obtained from ITC were integrated using Origin 7.0 software supplied by 
Micro Cal Inc. The titration data were deconvolved based on a binding model 
containing either one or two sets of non-interacting binding sites as described below. 
Single set of identical binding site. This model defines association constant, K as 
Total heat content contained in active cell volume, Vo at fractional saturation ©is 
given by: 
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Q=n0MtAHy, (3) 
where n is the number of binding sites in the macromolecule, Mt is the total 
concentration of the macromolecule and AH is the molar heat of ligand binding. The 
heat released AQ(0 from the z* injection for an injection volume dV, is given by: 
"Q(i)+Q(i-1)" dV AQ(/) = Q(/)+ • 
Vo 
-Q( i - l ) (4) 
Two sets of independent binding site. This binding model defines association 
constants as 
( 1 - 0 , ) [ L ] 
^ 2 = S ^ (6) 
( 1 - © 2 ) [ L ] 
The total heat content of the solution is given by: 
Q = MtVo(nj0,AH,+n202^2) (7) 
Here also heat released AQ(/) from the / injection is given by eq. (4) which is then 
used in the Marquardt minimization algorithm to obtain best fitting values until 
constant x values were achieved. The heat capacity values of the binding process 
were determined from temperature dependence of enthalpy change of molecular 
association using the equation [Privalov and Potekhin 1986]: 
A C p = ^ (8) 
T 
4.2.8. Molecular modeling of SB 
As there is not any high resolved full length structure of SB in Brookhaven Protein 
Data Bank (PDB), the protein was modeled by Phyre [Kelley and Sternberg 2009]. 
For the modeling, sequence from the accession number PI4518 was obtained and the 
the modeling mode was taken as remote homology/fold recognition type. The C chain 
of mexicain from Jacaratia mexicana (2BDZ) was used as a template. Predicted 3D 
models were verified by PROCHECK [Laskowski 1993] and validation of stereo-
chemical quality of the model was performed through ERRAT, PDBSUM and 
VerifySD. The structure was visualized by PyMol version 0.99 [DeLano 2002]. 
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4.2.9. Molecular docking studies 
Due to absence of PDB structure of SB, we used modeled structure for molecular 
docking studies of SB interaction with ANS and bis-ANS. The SDF format for 3D 
structures of ANS (CID 1369) and bis-ANS (CID 123808) were downloaded from 
Pubchem database. The whole SB molecule was defined as the binding site residues. 
Molecular docking simulation of ANS and bis-ANS to SB was performed with 
Autodock Vina program [Trott and Olson 2010]. Autodock uses Lamarkian genetic 
algorithm to calculate the possible conformations of the ligand that binds to the 
protein. Here the flexible ligands were set free to dock in the most feasible way. The 
grid centers of 1.755, -3.261 and 6.847 with the grid sizes of 56.970, 49.248 and 
56.677 for X, Y and Z axes respectively were used for covering all the bindmg site 
residues. For docking simulations the exhaustiveness was set to 8. Best docked 
structures based on the binding energy scores (AG) were chosen for further analyses. 
The hydrogen bonding and hydrophobic interactions between ligand and protem were 
calculated by Accelrys DS Visualizer 2.0 [Accelrys Software Inc. 2012] and figure 
representation was generated with PyMol version 0.99 [DeLano 2002}. To \'alidate 
the SB-ANS docking results, we have compared our docking results with the 
structures already available at the PDB where the ANS has been co-crystallized with 
other proteins, as for example 4EZ7 [Martin et al. 2012]. Here, all the ligands from 
the crystal structure have been removed and the ANS was docked. The best scored 
docked ANS molecule occupied almost identical pattern as in the ligand-complexed 
crystal structure. The docked and crystal complexed ANS binds with 13 residues out 
of which 12 were in common (92.3%). This shows that the quality of data obtained 
from our SB-ANS docking approach is highly significant. 
The association constants (K) for protein-ligand interactions were calculated from the 
obtained free energy changes of docking by using the following equation: 
AG = -RTln^ (9) 
where R is the gas constant (1.987 cal mof' K"') and T is the absolute temperature 
(298 K) [Ahmad et al. 201 lb]. 
4.3. Results 
Due to the strong absorbance in UV region by ANS and bis-ANS molecules (data not 
shown), we were unable to carry out far-UV CD and turbidity measurements to probe 
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their action on fibril formation. Therefore the experiments in this section of the study 
were Hmited to Rayleigh hght scattering, ThT fluorescence assay and TEM. The 
inhibitory effect of ANS and bis-ANS on fibrillation of SB (5 }xM) was examined at 
SDS concentration of 500 |iM to set the protein and SDS molar ratio at 1:100. 
4.3.1. Inhibition of fibril formation as monitored by Rayleigh light scattering 
The effect of increasing concentrations of ANS and bis-ANS on extent of light 
scattering of PFI in the presence of 500 |aM SDS is shown in Figure 4.2. 
0 100 200 300 400 500 
[Inhibitor] }J\/I 
Figure 4.2 Rayleigh scattering of 500 (iM SDS containing SB samples (pH 2.0) at 350 nm as a 
function of increasing concentration of ANS (•) and bis-ANS (o). 
The intensity of scattered light was found to decrease continuously with increasing 
concentration of ANS. The light scattering was substantially reduced in the presence 
of 400 |J.M ANS (Table 4.1). The data shown represents values subtracted from 
controls (samples without protein). 
Table 4.1 Spectroscopic properties of PFI (pH 2.0) of stem bromelain under different 
conditions. The data are average with standard deviation of three independent trials. 
Condition RLS 350 nm FI 485 nm 
SB (pH 2.0) 
SB (pH 2.0)+ 500 nM SDS 
SB (pH 2.0)+ 500 nM SDS + 400 jtM ANS 
SB (pH 2.0)+ 500 nM SDS + 100 ^M bis-ANS 222 ± 54 
26 ±4 
3100 ±150 
165 ±39 
 ± 54 
9 ± 1 
973 ± 45 
240 ±16 
106±12 
' Rayleigh light scattering 
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This indicates that ANS interfere with binding of SDS to the PFI and thus nhibits 
aggregation of SB. Similarly, samples incubated with bis-ANS showed progressively 
reduced light scattering as its concentration was increased. However, inhibitory action 
of bis-ANS on the self-assembly of protein was observed at much lower concentration 
i.e. 100 ^M (Table 4.1). 
The data in Figure 4.2 showed best fit to eq. (1) suggesting that the light scattering 
intensity decreases exponentially with increasing concentration of the two inhibitors. 
The parameters obtained from data fitting are summarized in Table 4.2. The values of 
inhibition constant, A obtained were 8.33x10^ M"' and 27.59x10^ M"' for ANS and 
bis ANS respectively which suggests that bis-ANS is about 3-fold more potent 
inhibitor than ANS. 
Table 4.2 Parameters obtained from fitting the Rayleigh scattering data obtained for 
inhibition of SB aggregation by ANS and bis-ANS. 
Inhibitor F„ A (M-') R^ 
ANS 
Bis-ANS 
3060 ± 67 
2960 ± 82 
8 ± 0 x 10' 
2 8 ± 2 x 10^  
0.99 
0.99 
In order to confirm that the observed aggregation inhibition is not due to SDS micelle 
formation, the CMC of SDS was also determined in the presence of naphthalene 
derivatives as shown in Figure 4.3. 
500 1000 1500 2000 
[SOS] ^ 
1.2 
£ 
^ 0 » 
E 
w 
0.4 
0.0 
B 
-
/ 
1 1 
CMC =810 MM 
^ 
1 < . < 
500 1000 1500 2000 
[SDS] pfyl 
Figure 4.3 Plot of specific conductance, K (mS cm"') versus SDS concentration at pH 2.0 m the 
presence of (A) 400 i^M ANS (B) 100 ^ M bis-ANS 
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The CMC in the presence of 400 |aM ANS and 100 i^M bis-ANS was found to be 947 
i^M (Figure 4.3A) and 810 i^M (Figure 4.3B) respectively, which is much higher than 
the experimentally used SDS concentration (500 \iM}, thus indicates the existence of 
monomer rather than micellar SDS species under the conditions studied. 
We also monitored the time-dependent changes in aggregation of the PFI in the 
absence and presence of SDS, ANS and bis-ANS by Rayleigh light scattering method. 
As seen in Figure 4.4, in the absence of SDS the PFI exhibited insignificant light 
scattering that remained unchanged throughout the time period studied. 
200 400 600 
Time (sec) 
800 
Figure 4.4 Time-dependent changes in Rayleigh scattering at 350 nm of SB at pH 2.0 (1), in the 
presence of 500 nM SDS (2), 400 ^M ANS + 500 HM SDS (3) and 100 nM bis-ANS + 500 ^M SDS 
(4). The thick black lines represent the data fitting. 
Addition of 500 |J.M SDS to PFI sample caused a rapid and significant increase in 
light scattering which was stabilized within ~300 seconds. Also, the aggregation 
profile obtained in the presence of SDS showed no detectable lag phase. Similar 
observation was noticed for heparin sulfate-induced aggregation of human muscle 
acylphosphatase [Motamedi-Shad et al. 2012]. 
The time-dependent changes in light scattering intensity were satisfactorily described 
by double exponential kinetics. This suggests that SDS-induced aggregation of SB is 
a biphasic process constituting a rapid initial phase followed by a slow phase. Similar 
behavior has been noticed for SDS-induced aggregation of lysozyme [Jain et al. 
2011]. The rate constants that were recovered fi-om data fitting were kfast ~ 72x 10" s' 
and ksiow ~ 12x10'^ s"' which are comparable to that obtained for lysozyme 
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aggregation (-10"'' s'). The extent of light scattering was considerably reductd when 
500 p.M SDS was added to the PFI samples pre-incubated with 400 i^M ANS or 100 
\M bis-ANS. The rate constants obtained in presence of ANS were kfast ~ 501 10" s" 
and ksiow ~ 12x10'^ s ' which indicates that ANS affects the rapid phase of SB 
aggregation. Higher kfast in presence of ANS compared to its absence may be 
attributed to some conformational change in protein upon ANS binding. The light 
scattering data obtained in presence of bis-ANS could not be fitted as the sample 
containing bis-ANS exhibited slight degree of light scattering even at the zero second. 
This may be attributed to the presence of very small amount of oligomers of protein 
(formed possibly by bis-ANS) prior to the addition of SDS as reported elsewht-re [Fu 
et al. 2005]. No such oligomers were detected in samples pre-incubated with ANS. 
4.3.2. Fibrillation inhibition followed by ThTfluorescence 
We also employed ThT fluorescence assay for studying the effect of both AN S and 
bis-ANS on SDS-induced fibrillation of SB. The results were in good agreement with 
the light scattering data (Table 4.1). The ThT fluorescence intensity decreased 
continuously with increasing concentration of ANS (Figure 4.5A) and bis-ANS 
(Figure 4.5B). Figure 4.5C and D show plot of ThT fluorescence at 485 nm \ ersus 
ANS and bis-ANS concentration respectively. It was found that maximum reduction 
in fluorescence intensity was achieved at 400 ^M or higher ANS concentration. In 
case of bis-ANS, the fluorescence intensity was markedly abolished at 50 ^M or 
higher concentration. The discrepancy in the inhibitory concentration of bis-ANS in 
light scattering (100 ^M, Figure 4.2) and ThT fluorescence data (50 ^M, Figure 4.5 
D) may be due to the amorphous nature of the small amount of oligomers formed by 
bis-ANS that might not be detected through fibril-specific ThT dye. Nevertheless, the 
results from ThT fluorescence assay also demonstrate the greater efficiency of bis-
ANS compared to ANS in inhibiting the fibrillation of SB. 
It should be noted that we have subtracted the ThT fluorescence spectra of prtitein 
samples from appropriate controls (samples without protein) in order to rule out the 
possibility of reduction in fluorescence signals arising from quenching of ThT 
fluorescence by ANS or bis-ANS molecules themselves rather than the actual 
inhibition of fibrillation. However, there may still be chances of interference between 
the dye molecules as reported previously [Abelein et al. 2012]. Therefore, SDS 
containing PFI samples incubated with ANS/bis-ANS were also examined by TEM 
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Figure 4.5 ThT Fluorescence spectra of 500 i^M SDS containing SB samples (pH 2.0) at difTerent 
concentrations of (A) ANS and (B) bis-ANS. Plot of ThT fluorescence intensity at 485 nm of SB 
samples (pH 2.0) versus increasing concentration of (C) ANS and (D) bis-ANS. 
433. Morphology of the fibrils in presence of naphthalene derivatives 
While TEM images of the PFI samples incubated with SDS revealed formation of 
well-defined fibrils (Figure 4.6A), the samples incubated with 400 |iM ANS (Figure 
4.6B) and 100 nM bis-ANS (Figure 4.6C) prior to the addition of 500 i^M SDS clearly 
showed substantially reduced amount of fibrillar structures. Also, traces of aggregated 
material with amorphous appearance could be seen in bis-ANS containing samples as 
already mentioned. Taken together, the above experiments clearly demonstrate strong 
inhibition of SDS-induced fibrillation of SB by low concentration of bis-ANS and 
relatively higher concentration of ANS. 
94 
Naphthalene derivatives as SB fibrillation inhibitors Chapter-4 
Figure 4.6 Transmission electron microscopic images of SB (pH 2.0) in presence of (A) 500 fxM SDS. 
(B) 500 nM SDS + 400 nM ANS (B) 500 ^M SDS + 100 fiM bis-ANS. 
4.3.4. Effect of salts and alcohols on fibrillation of SB 
ANS and bis-ANS are the aromatic compounds with negatively charged sulfonate 
moiety (Figure 4.1). The pH-dependent changes in absorbance of ANS and bis-ANS 
are shown in Figure 4.7A and B respectively. 
0.05 250 300 350 400 450 
. . Wqvelsngtti (nip) . 
3 4 5 6 
pH 
7 8 9 10 
250 300 350 400 450 
Wavelength (nm) 
5 6 
pH 
7 8 9 10 
Figure 4.7 pH-dependent changes in absorbance of (A) 40 fiM ANS at 350 nm and (B) 40 \xM bis-
ANS at 385 nm. Inset (A) absorbance spectra of 70 jxM ANS and (B) 70 nM bis-ANS in presence of 
0.1 MHClandO.l M NaOH. 
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A marked increase in absorbance was observed from pH 0.6 to 2.0 which can be 
attributed to the deprotonation of sulfonate moiety as the pKa of sulfonate group is 
reported to be pH < 2.0 [Gasymov and Glasgow 2007]. However, the insignificant 
changes in absorbance as observed in pH range 2.0-10.0 (and also in the presence of 
0.1 M HCl and 0.1 M NaOH as shown in Figure 4.7A and B; inset) may be due to the 
lowering of the pKa of amino group on becoming part of the aromatic group such that 
it also got deprotonated below pH 2.0. This implies that the two naphthalene 
derivatives acquire a net negative charge at pH 2.0 and therefore may be assumed to 
exert inhibitory effect on fibrillation through polar and/or nonpolar interactions 
[Qadeeretal. 2012]. 
To assess the possible contribution of electrostatic and hydrophobic interactions in 
inhibition provided by ANS or bis-ANS, we proceeded to check different salts and 
alcohols for their ability to interfere with the SDS-SB interaction. The final ThT 
fluorescence intensity at 485 nm obtained in the presence of SB (pH 2.0) and 500 i^M 
SDS incubated with and without salts or alcoholic cosolvents were compared (Figure 
4.8). 
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Figure 4.8 Normalized ThT fluorescence emission of 500 fiM SDS containing SB samples incubated 
in the absence and presence of (A) different salts and (B) alcohols. 
As can be observed in Figure 4.8A, addition of 0-500 |j,M NaCl, Na2S04 and Na2C03 
could not appreciably rescue the PFI from undergoing fibril formation by SDS. On the 
other hand, incubation with 0-30% v/v of methanol, ethanol and isopropanol 
successfully inhibited the fibrillation of protein in a concentration-dependent manner 
(Figure 4.8B), with isopropanol being the most efficient among the used alcohols. 
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100 200 300 
[Na^SOJ nM 
5% 10% 
[Isopropanol] (v/v) 
Figure 4.9 Normalized ThT fluorescence emission in the absence and presence of bis-AMS with 
increasing concentrations of (A) Na2S04 and (B) isopropanol. 
In Figure 4.9A and B, the normalized ThT fluorescence intensity of the samples 
containing SB, 500 |j.M SDS and increasing concentration of Na2S04 and isopropanol 
respectively, incubated with and without 50 jxM bis-ANS is shown. Whereas Na2S04 
was found to have insignificant effect of inhibitory action of bis-ANS, in the presence 
of isopropanol the inhibition was released in concentration-dependent manner such 
that at 15% isopropanol (v/v) the bis-ANS-mediated inhibition was reduced by almost 
50%. 
To check whether salts and alcohols were influencing protein conformation, we 
monitored the secondary structural changes in PFI in the presence of these additives. 
The far-UV CD spectra of PFI in the absence and presence of salts (500 ftM each) 
showed no significant difference on PFI conformation (Figure 4.10A). However in the 
presence of alcohols (30% each) a small increase in MRE was observed in the order 
effectiveness: isopropanol > ethanol > methanol (Figure 4.1 OB), reason for which will 
be described later. 
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Figure 4.10 Far-UV CD spectra of PFI of SB in the absence and presence of (A) different salts and (B) 
alcohols. 
The CMC of SDS in presence of the above mentioned salts (500 ^M each) and 
alcohols (30 % each) were in the range 824-902 |aM and 728-835 |jM respectively 
(Table 4.3) further demonstrating that SDS did not undergo micelle formation in the 
presence of these additives. 
Table 4.3 CMC of SDS at pH 2.0 in the presence of different additives. 
Additive CMC (nM) Additive CMC (^M) 
500 \M NaCl 
500 ^M Na2C03 
500 |iM Na2S04 
902 
816 
824 
30% Methanol 
30% Ethanol 
30% Isopropanol 
835 
776 
728 
The results obtained so far indicate that nonpolar association of ANS/bis-ANS with 
SB may be responsible for the observed inhibition of fibrillation. 
43.5. Mode of interaction between naphthalene derivatives and SB as investigated 
bylTC 
To confirm the above assumptions and to gain further insight to the type of 
interactions between the ANS/bis-ANS and SB, we performed ITC experiments. The 
isothermal titration thermograms were obtained by titration of 25 \xM SB with 2000 
^M ANS and 250 \M bis-ANS (protein and figand being in same molar ratio as in the 
other experiments) in partially folded condition (pH 2.0). Figure 4.11 and 4.12 show 
the ANS and bis-ANS binding isotherms respectively obtained at different 
temperatures. The upper panel of each ITC profile represents the thermogram of raw 
signals obtained from titration of ANS or bis-ANS with SB where each peak 
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corresponds to a single injection of the ligand solution. The lower panel shows an 
integrated plot of the amount of heat liberated per injection as a function of the molar 
ratio of ligand to protein. The insignificant heat changes as observed in the respective 
dilution experiments (data not shown) rule out the possibility of ligand dimerization. 
All the thermodynamic parameters are compiled in Table 4.4. The negative values of 
the interaction free energy change (AG) in each case of SB-naphthalene derivative 
association reveals that binding occurs spontaneously. The ANS binding isotherm 
obtained at each temperature showed negative heat deflections indicating that binding 
process is purely exothermic. The binding isotherms were fit to single binding site 
model resulting in binding constant, K~\(fM^ which is comparable to that obtained 
for ANS binding to different partially folded intermediates of a-lactalbumin [Misra 
and Kishore 2011; Sharma and Kishore 2008]. The heat changes accompanying 
binding of bis-ANS to PFI showed best fit to two independent binding sites model 
resulting in Ki ~10' to 10^  M'' and K2 -10^ M''. For bis-ANS-SB interaction at 25 X 
(Figure 4.11 A), the heat flow changes to slightly endothermic peaks during the last 
injections possibly due to relatively high hydrophobicity of bis-ANS. However, the 
resultant integrated heat changes are still negative and it is evident from Table 4.4 that 
binding of both ANS and bis-ANS to SB is enthalpically favored (AH < 0) but 
entropically opposed (AS < 0) at all temperatures. Except for bis-ANS binding at site 
1, the negative enthalpy of reaction was observed to increase with increase in 
temperature suggesting that the interactions were enthalpy-driven. The heat capacity 
(ACp) values as calculated from the slope of plot of AH versus temperature were -
0.164 ± 0.03 kcal mor' K"' (ANS), 0.123 ± 0.04 kcal mof^  K"* (bis-ANS at site 1) and 
-0.07 ± 0.01 kcal mol"' K'' (bis-ANS at site 2). 
99 
a. 
re 
JS 
u 
_c 
c 
o 
•a 
J 2 
'C 
OQ 
(n 
re 
to 
(1) 
> 
c 
01 
CD 
c 
"re 
4-) 
-c Q, 
re 
2 
oes/iBori 
'T «f «P ._ 
luetoefuj jO e|oiu/|e3)| 
oes/iBori ^ <0 00 O (N T -r T ^ ^ 
luejaafuj o^ 8|ouj/ieo)| 
"T «9 «9 ^ 
I 
luetoafu! jo eioui/ieoM 
S 
.& 
ex 
a 
3 
u 
U 
o 
•O C 
C3 
U 
o 
O 
m 
s 
u 
o 
</^ 
CM 
v> 
o 
IJ 
ll 
11 g 
CO 
C 
00 
c« 
U 
00 
§ 
>, 
73 
J5 
4-* 
g 
<*^ 
C 
o B 
a> 
•s 
y 
^ 
CA 
!> § 
B. 
C 
o 
u 
o s 
i 
a 
I 
ft S 
o 
o 
B a. 
m 
xs 
p 
c 
B 
O 
•a 
iS 
V. 
CQ 
in 
rt 
1/1 
S 
1 
u 
<u 
c 
I 
a 
<« 
2 
8 
o 
U> O 
« 
lO 
O 
§ 
o <V t 
oas/ieori 
° n n ^ 
lueioafui lo 3|oui/ie3)| 
oas/ieoil ^ ° ^ ^ ^ 
oas/ieorl 
^ 
u 
3 
U 
t -
m 
^ U 
.^—• 
T3 
C 
OS 
U 
0 
o 
CTi 
/—V 
CQ 
—^.-U 
0 
<n 
t s 
—^. 
< 
^ — • 
•*-< e9 
03 
t/2 
t * -
O 
•— 
u-0-
r-
5 
or 
? 
< 
=; 
••-X 
< * • 
c 
c. 
.£ 
.1 
i! 
*•• 
ij 
(J 
•t3 
U 
u 
•^ 3 
!3 
f ^ 
' 0 
.-< .:5 
3) 
•8 
i) 
— B 
-
't3 
g; 
sj 
•s 
' M 
0 
3 
•^  (1H 
2 
•^ 
*• 
V C 
3 
W> 
_i_^ 
aj 
ts 
•o 
Vi 
x> 
u ts 
t 
c 
o 
c 
u 
^ 
u 
k 
t/i 
a> § 
a. 
B 
o 
o x> 
x: 
T3 
§ 
CO 
• ^ 
•o 
» 
CQ 
Im 
4-* 
C 
u 
« 
&, u 
a. 
p 
JS 
c 
c 
o 
•a 
JS 
ja 
<c 
OQ 
C/3 
re 
Si 
I 
u 
0) 
T3 
0) 
B 
"(3 
J3 
a 
re 
2 
(U 
-2 
"3 
o 
o 
c 
• « 
o 
S' 
(N 
OQ 
(/3 
• o 
'-a 
IS 
S 
.2 
15 
o 
'o 
CO 
-o 
c 
CO 
1/3 
<u 
• 4 - * 
2 
Q. 
E 
c 
o 
H 
U 
•w e 
s a 
60 
_C 
^ 
c o 
JO c 
u &0 
o 
•o 
>> 
«3 
c 
o 
• ^ ^ o 
C9 
-4-J 
c • i -H 
1 
K 
(20 
c 
'•B 
c o 
X) c 
Hi (ao 
o k. 
T3 
>. ffi 
CO 
C 
o 
u 
C3 
c • - N 
•r 
K 
u 
o o -H 
41 r^ 
• ^ V O V O t ~ -
o ^- c> vq 
^ --< ON i r j 
^ ;^ o 
o 
-H 
<o 
o <o 
"" — <n ^ 
r n ^ «^ ^ « ^ 
- ^ ^^ "O (N (N) 
O 
o 
-« 
0 0 
-H 
ril g ON 
U 
e 
O 
o 
-H 
O 
X 
r^ 
m o 
o -H 
•» <o 
00 r -
oC^-v t - r Sc^HfNcK 
O 
ON v o 
en rn 
oo' vo 
<N 
O 
O 
-« 
_ 00 
o 
X 
00 
+1 
ON 
• J 
00 
(N 
<N 
O 
-H 
m 
o 
NO 
-* 
1 
NO 
tN 
CO 
1 
r-~ 
r--
rsi 
1 
o 
o 
-H 
o 
ON 
O 
1^1 00 oo 
iS m Tf O 
• ^ r»< _•: ON 
V5 O 
-fl 
en 
X f s | 
/ - s NO 
>o 
O 
-H (N 
•O NO 00 
o 
-H 
. en 
en --H 
m 
o 
d 
-H 
NO 
JN m (N 
O 
0 0 
O 
a ^ 
>> « 
® S E 2 
.a ^ 
H 
.S ^ 
e 
m 
o 
d 
-H 
d 
00 00 
4< ^ 
^ «0 00 t~^ 
00 ON NO (N 
•^ (^ t< d 
m >o Tj- ,-^ 
o 
d 
X 
' ^ O 
00 NO 
m ^• 
d 
-H ^ r-- ON -H 
r~- - ^ Tf 00 rli 
NO O 
d I 
(N NO i Z - . 
' ^ '-H . m Tf 
O „ • fN ' ^ 'N 00 
I 'T' "7* •—' 
"o "o "o ^3 
: t^ < H < < 
o -t; 
*: "^  
U 00 
rN .5 
on 
"o "o ' o 7 _ S g S o 
—< — — c J? cs cs _ 
G ' , - - 00 - a. 
- , 7 ffi < O U 
c l i^ < H < < SU 
2 "o " " " 
£ E 
"i 1 
(N 
<1 H 
o 
E 
13 
-^ 
£< 
i^^ 
o 
E 
"3 
u 
• ^ 
a. 
o u < < 
^ 1=! O C 
CO 
•4-J 
<u 
CO 
O 
0 0 
H .£ 
OQ < 
" 2 C" CO 
Naphthalene derivatives as SB fibrillation inhibitors I Chapter-4 
The lower stoichiometry of bis-ANS binding to SB (1-2 molecules) as compared to 
ANS (3-4 molecules) can be attributed to the presence of extended aromatic rings in 
the former which is likely to cover greater surface of protein and thus may account for 
the inhibitory effect of bis-ANS being observed at far less concentration than ANS. 
The stoichiometry of ligand binding was also determined by Job's plot using 
fluorescence experiment (Figure 4.13). 
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Figure 4.13 Job's plot for (A) ANS-PFI and (B) bisANS-PFI complex of SB at pH 2.0. 
The analysis of the plot showed that two slopes intersected at x~ 0.5 for ANS and at 
x~ 0.62 for bis-ANS. The corresponding stoichiometry is 1:1.1 and 1:1.6 respectively. 
For bis-ANS, a binding stoichiometry of 1:1.6 agreed well with the ITC results. 
However in case of ANS, the obtained stoichiometry did not conform to the ITC data. 
This is due to the fact that the dissociation constant, K<j (inverse of binding constant) 
of ANS (-100 i^ M as obtained from ITC data) was too high than the total 
concentration of protein and ligand (CO used in fluorescence experiment (25 i^ M), but 
the success of Job's plot analysis requires Ka « Ct [Bisswanger 2002]. We could not 
perform experiment at C t » 100 ^M for ANS due to the aggregation of protein itself 
at such a high concentration. 
The titrations were also performed between SDS and naphthalene derivatives where 
former was taken in the sample cell (data not shown). The resulting binding isotherms 
showed a quite insignificant heat change which indicates lacks of any noticeable 
interactions between SDS and the ANS/bis-ANS. 
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4.3.6. Molecular Modeling 
The generated SB model structure was verified by superimposition of model to the 
template with RMSD of only 0.002. Figure 4.14A demonstrates the pattern of 
secondary structural contents. From this figure it is evident that there are 3-sheets; 2-
beta hairpins; 2-beta bulges; 9-strands; 8-helices; 7-helix-helix interactions; 17-beta 
turns and 3-gamma turns along with two disulphide bonds (C23-C63 and C152-
C199). 
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Figure 4.14 (A) Putative amino acid sequence of SB for secondary structure elements. 
g* 0 
Figure 4.14 (B) Distribution of amino acids in corresponding secondary structure of SB according to 
their Phi and Psi angles, represented via Ramachandran plot. 
104 
Naphthalene derivatives as SB fibrillation inhibitors I Chapter-4 
Figure 4.14B demonstrated the distribution of SB amino acid residues on 
Ramachandran plot. Analysis of plot showed that from the total of all residues, 83.8% 
were located in the most favoured regions, 14.5% are in additionally allowed regions, 
1.7% residues fell in generously allowed regions with 0% in disallowed regions 
(Table 4.5). 
From the analysis of the accessible surface area of SB by the InterProSurf [Negi et al. 
2007] with Patch Auto method, we found that out of the total 207 residues, total 
surface residues were 144 with 862 atoms whereas the buried residues were only 63 
with 706 atoms. Out of the total accessible surface area (9424 A )^ of the SB, apolar 
residues contribute in greater extent (5783 A )^ than the polar residues (3641 A )^. Out 
of five tryptophan residues, Trp 27 was totally buried and other four residues were in 
the following surface exposed accessibility order: Trp67>Trpl76>Trpl80>Trp8. 
Table 4.5 Validation values of modeled structure of SB 
1. Ramachandran plot statistics 
Parameters 
Most favored regions [A, B, L] 
Additional allowed regions [a, b, 1 
Generously allowed regions [~a, ~ 
Disallowed regions [XX] 
-b,~l,~p] 
Non-glycine and non-proline residues 
End-residues (excl. Gly and Pro) 
Glycine residues 
Proline residues 
Total number of residues 
2. G-Factors 
Parameter 
Dihedral angles:-
Phi-psi distribution 
Chil-chi2 distribution 
Chil only 
Chi3 & Chi4 
Omega 
Main-chain covalent forces:-
Main-chain bond lengths 
Main-chain bond angles 
Overall average 
No. of residues 
: 
Score 
-0.47 
0.20 
0.34 
0.67 
-0.54 
0.45 
-0.77 
145 
25 
3 
0 
173 
1 
22 
11 
207 
% 
83.8% 
14.5% 
1.7% 
0.0% 
100.0% 
Average Score 
-0.21 
-0.26 
-0.18 
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4.3.7. Molecular Docking 
It is known that partial unfolding of native conformation of protein is a crucial step in 
the amyloid aggregation. Some amyloid inhibitors resist this conformational change 
by stabilizing the native structure of protein [Soldi et al. 2006]. So the binding of 
naphthalene derivatives to SB was also investigated by the complementary application 
of molecular docking of ANS and bis-ANS on SB with Autodock simulation analysis. 
The results obtained from molecular docking of SB-ANS interaction reveal the 
presence of two putative binding sites with binding constant. K on the order of 1C* 
(Table 4.6). 
Alal33 
Asnl57> 
\Glv66 i 
Asnl9 Hisl58 
{TyrSl 
Lysl79 
Alal78 
Glyl77 
^^ Lysl8 
,'.,;^ ^GIy84 serSO ) - ^ 
yr87 
Figure 4.15 SB residues involved in the interaction with (1) & (2) ANS and (3) bis-ANS. 
Figure 4.15 (1 and 2) reveals that these binding sites were delineated by several polar 
and apolar residues among which Glu51 at site 1 whereas Gly66 at site 2 interacted 
with ANS through both hydrophobic interactions as well as H-bonding. On the other 
hand, molecular docking of bis-ANS with SB as shown in Figure 4.15 (3) revealed the 
involvement of single putative binding site with K value, 1.03 x IQ*^  M'' (Table 4.6). 
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Table 4.6 Molecular docking results of SB interaction with ANS and bis-ANS. 
Ligand 
ANS 
ANS 
Bis-ANS 
Site Residue 
nin^i 1 VJllIJ I 
Lysis 
Aspl9 
Phe29 
Pro48 
T eii4Q 
Gly84 
Ala85 
Pro88 
Tyr89 
GIy66 
2 Cys26 
Tyr61 
Gly65 
Trp67 
Alal33 
Asnl57 
Hisl58 
Alal59 
J Asnl9 
Lysis 
Phe29 
Pro48 
Leu49 
SerSO 
Gln52 
Gly84 
AlaSS 
TyrS7 
ProSS 
Tyr89 
Glyl77 
Alal78 
Lysl79 
Interaction 
H-bonding & Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
H-bonding & Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
H-bonding & Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
Hydrophobic 
AG K 
(kcaLmol') ( M ' ) 
A 
-6.8 9.71 xio^ 
-6.2 3.52x10^ 
-8.2 103x10^ 
Again, the binding site seems to comprise of both polar and apolar residues out of 
which Asnl9 allowed interaction with the bis-ANS via hydrogen bonding as well as 
hydrophobic interaction. It is worth noticing that in both the cases, H-bond formation 
occurs Avith the 0-atoms of sulfonate moiety which is also supported by 
crystallographic studies of ANS-Mur A enzyme complex [Schonbrunn et al. 20001. In 
addition, TC-TC stacking between the aromatic side chain of Phe29, Trp 67, Tyr 87 and 
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Tyr89 with the naphthalene rings of the ANS and bis-ANS molecule are quite also 
evident in binding process. 
4.4. Discussion 
Identification of small organic molecules that disrupt the self-assembly process is an 
attractive approach for preventing protein aggregation as well as for developing 
therapeutics targeting misfolding diseases [Abelein et al. 2012]. In fact, several 
examples of small molecule inhibitors of protein aggregation have been reported in 
the literature [Ignatova and Gierasch 2006; Necula et al. 2007; Sharoar et al. 2012]. 
However, for majority of these compounds, the inhibitory mechanisms are not 
completely known. To improve strategies for production of novel therapeutics, it is 
emphasized that structure-activity relationship of inhibitors of protein aggregation 
should be studied in great detail [Hard and Lendel 2012]. Previous studies have 
shown that small naphthalene-based aromatic compounds such as bis-ANS are 
efficient inhibitors self assembly of disease associated proteins such as insulin, prion 
proteins etc [Cordeiro et al. 2004; Fu et al. 2005]. The hydrophobic association of 
these compounds with exposed hydrophobic clusters of protein has been emphasized 
to be the explanation for observed their inhibitory effect while other interactions were 
overlooked. 
Here we studied the effect of ANS and bis-ANS on self-assembly of PFI of SB, a 
widely known therapeutic protein, by spectroscopic, calorimetric and computational 
approaches. The fibril formation was induced in the PFI by sub-micellar concentration 
of SDS as described in previous section. For investigating the effect of naphthalene 
derivatives on fibrillation of SB, if any, the PFI was incubated with increasing 
concentration of ANS or bis-ANS prior to the addition of SDS. Light scattering and 
ThT binding experiments clearly showed that both ANS and bis ANS inhibited the 
self-assembly of SB in a concentration-dependent manner. Besides, TEM analysis 
also revealed potential inhibition of fibrillation by these two compounds. The 
inhibitory action of bis-ANS was observed at much lower concentration (50 nM) than 
tiiat of ANS (400 nM). The inhibitory potential of bis-ANS as determined from A-
value (inhibition constant) was found to be ~3-fold greater than that of ANS. These 
resuhs agree vdth the previous reports that ANS is weak inhibitor of protein self-
assembly as compared to bis-ANS [Cordeiro et al. 2004; Fu et al. 2005]. It seems that 
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binding of ANS and bis-ANS to PFI interfere with the SDS-SB interactions that are 
favorable for inducing fibrillation. 
The amphipathic nature of the two inhibitors (polar sulfonate and nonpolar 
anilinonaphthalene group) points to the involvement of either electrostatic, or more 
probably, hydrophobic interactions in their binding to SB as reported elsewhere [Fu et 
al. 2005]. Therefore, in order to gain deeper insight into the mechanism of action, we 
monitored the effect of different salts and alcohols on the SDS-induced sell-assembly 
of SB and its inhibition by ANS and bis-ANS. ]n comparison to salts, alcoholic 
cosolvents were found to be more effective in inhibiting the fibrillation. Furthermore, 
the inhibitory action of bis-ANS, more potent of the two inhibitors, was reduced by 
about 50% in the presence of 15% v/v isopropanol. A plausible explanation for such 
effect of alcohols seems to be decrease in dielectric strength of the medium, a factor 
which is expected to reduce the strength of hydrophobic interactions or it may be due 
to acquisition of native-like structure of protein. To check the latter possibility, we 
compared far-UV CD spectra of PFI in the absence and presence of each salt (500 
^M) and alcohol (30 %). The CD spectra in presence of salts were found to be almost 
unaltered. However, a small increase in negative ellipticity was observed in the 
presence of 30% alcohols indicating some secondary structural induction (but not like 
native protein), which may partly be held responsible for the observed inhibition of 
fibrilliation. It is notable that alcohols not only weaken the non-local hydrophobic 
interactions but also induce helical structure in protein by facilitating intra-chain H-
bonding [Fatima et al. 2006] thus may interfere with inter-polypeptide backbone 
interactions essential for amyloid formation. Nevertheless, the small degree of 
structural induction in the presence of alcohols caimot be considered to completely 
mask the contribution of other factors in fibrillation inhibition, such as reduced 
strength of nonpolar interactions between SB and naphthalene derivatives. These 
observations suggest that hydrophobic interactions between ANS/bis-ANS and SB 
may be responsible for the inhibition of fibrillation. 
In order to acquire knowledge of the mode of interactions between ANS and bis-ANS 
with the SB, we carried out ITC measurements. The ITC binding isotherms obtained 
for ANS and bis-ANS were fit to single and two-independent binding sites 
respectively. The thermodynamic parameters extracted from calorimetric studies 
revealed that bis-ANS binds to SB with greater affinity than that of ANS. Further, 
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binding of both naphthalene derivatives to protein was accompanied by favorable 
enthalpic change (AH < 0) and unfavorable entropic change (AS < 0). This is a usual 
observation in protein-ligand interaction as a favorable binding enthalpy essentially 
results in greater entropic constraint leading to more unfavorable contribution to 
binding free energy. From the thermodynamic signatures of protein-ligand 
interactions one can determine the type of forces responsible for ligand association. It 
is well described that the uptake/release of water and ion molecules, the restriction of 
degrees of freedom, burial of water-accessible surface area and hydrophobic 
interactions sum up to give net entropy contribution. On the other hand, H-bond 
formation and van der Waals interactions sum up to provide net enthalpy contribution 
to free energy of association [Ahmad et al. 2011b; Ross and Subramanian 1981]. 
Based on these findings, we have inferred the forces responsible for corresponding 
PFI-naphthalene derivative interactions as shown in Table 4.4. The negative sign in 
the value of AH and AS suggests involvement of H-bonding and/or TI-TI stacking since 
the interactions involving delocalized electron cloud of aromatic rings are also known 
to make significant contribution of negative sign to both AH and AS [Ross and 
Subramanian 1981]. The low dielectric interior of PFI is well suited for both hydrogen 
bond formation as well as aromatic ring stacking between ANS/bis-ANS and protein 
thereby producing significant increase in enthalpy. The negative ACp values obtained 
for PFI-ANS and PFI-bisANS (site 2) interactions (Table 4.4) indicate burial of small 
amount of non-polar surface upon ligand binding, though the temperature-induced 
changes in protein conformation will also contribute to its value [Singh and Kishore 
2006] while a positive ACp value at site 1 for bis-ANS binding suggests a slight 
exposure of the non-polar groups [Sharma and Kishore 2008]. 
We also investigated the binding of ANS and bis-ANS to SB through molecular 
docking studies. The results showed that in addition to hydrophobic interactions, 
hydrogen bonding is also involved to a noticeable extent in the binding of ANS and 
bis-ANS to SB. Besides, the stacking or TI-TI interactions between the aromatic rings 
of ANS/bis-ANS and those of aromatic amino acid residues of SB are also quite 
evident. Taken together, the above results clearly demonstrate the involvement of 
hydrophobic interactions, hydrogen bonding and Tt-Tt stacking in the binding of ANS 
and bis-ANS to SB. The results also imply that some or all of these forces may be 
responsible for the observed inhibition of fibrillation of SB. 
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Plausible mechanism of SB fibrillation inhibition by ANS and bis-ANS 
Based on the remarkable presence of aromatic residues in several amyloid-related 
peptides and proteins, it is hypothesized that TI-TI stacking between the aromatic amino 
acid residues facilitates molecular recognition and self-assembly of the polypeptide 
chains which results in amyloid formation [Gazit 2002]. Besides, the frequent 
occurrence of aromatic compounds such as polyphenols among potential inhibitors of 
amyloid formation also implies the role of n-n interactions in the self-assembly of 
various aggregation prone polypeptides including Ap, a-synuclein, lAPP etc 
[Bastianetto et al. 2008; Porat et al. 2006]. The inhibitors with aromatic rings are 
likely to interfere with 7t-7i interactions between the polypeptide chains and cause 
steric hindrance that might block the self-assembly process. Additionally, it is 
proposed that if such inhibitors also contain a charged moiety then, upon binding to 
the polypeptide, formation of large-sized aggregates could be inhibited due to charge-
charge repulsion [Ahmad et al. 201 la]. 
On the basis of these findings, we propose the possible mechanism of inhibition of 
fibrillation of SB by ANS and bis-ANS both of which contain both the aromatic ring 
structure and carry net negative charge at pH 2.0. The binding of ANS and bis-ANS 
to SB occurs through multiple forces including n-n interactions with the rings of 
aromatic amino acids. Also, our data demonstrates that electrostatic interactions were 
not significantly involved in the binding process which implies that the sulfonate 
groups of these naphthalene derivatives may possibly impart an overall negative 
charge to the polypeptide. Thus, the observed inhibition of self-assembly of SB by 
these naphthalene derivatives may be a consequence of disruption of TT-TI interactions 
between the polypeptide chains, together with anionic electrostatic repulsion among 
the ANS/bis-ANS bound polypeptide chains. The similar mechanism may also hold 
true for ANS/bis-ANS mediated inhibition of self-assembly of proteins mentioned 
earlier. Furthermore, in case of SDS-induced fibrillation as in the present study, 
additional electrostatic repulsion between (negatively charged) SDS molecules and 
ANS^is-ANS bound polypeptide chains may also contribute to the overall inhibition. 
Figure 4.16 summarizes the major findings of the present study in a schematic form. 
Native state of SB (pH 7.4) undergoes conformational changes under acidic 
conditions and acquires partially folded state at pH 2.0. Addition of sub-micellar 
concentration of SDS to this PFI induces formation of fibrillar aggregates in protein. 
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The process of fibrillation is inhibited upon pre-incubation of the PFI with 
naphthalene derivatives. ANS is a weak inhibitor of SB self-assembly compared to 
bis-ANS. The overall inhibition of fibrillation occurs through interference with the n-
n interactions that are crucial for fibrillation, along with inter-polypeptide chain 
repulsion. 
:^o^  
'-0'—t:^  
pH7^ 
(Native state) 
pH2.0 
(PFI) 
Bis-ANS 
Figure 4.16 Schematic illustration of the SDS-induced fibrillation of stem bromelain and its inhibition 
by naphthalene derivatives. 
4.5. Conclusion 
It is observed that the two naphthalene-based compounds, ANS and bis-ANS are quite 
effecfive in inhibiting the self-assembly of SB. The inhibitory potential of bis-ANS is 
about 3-fold greater than ANS. The multi-methodological approaches including 
spectroscopy, calorimetery and molecular docking analysis demonstrates that 
hydrophobic interactions are not the sole determinant of fibrillation inhibition exerted 
by ANS and bis-ANS as previously assumed. In fact, ;r-7i interactions play an 
important role in fibrillation inhibition of SB. 
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Inhibitory effect of SDS on thermal aggregation and 
activity of papain 
5.1. Introduction 
The aggregation of proteins during their purification, processing and storage is one of the 
major hurdles in the large-scale production of protein-based products [Wang 2005]. In 
addition, aggregation remains an important factor behind thermo-inactivation of proteins 
[Kudou et al. 2003] which is undesirable, especially for the industrially important 
proteins. Several environmental factors are known to influence the aggregation 
propensity of a protein namely temperature, protein concentration, pH, presence of 
cosolvents and contact surfaces to name a few [Wang et al. 2010]. Among these, 
temperature is probably the most common factor affecting protein aggregation [Belton 
and Miller 2013; Fallah-Bagheri et al. 2013; Mession et al. 2013; Rondeau et al. 2010]. 
This is because unfolding of a protein above certain temperature leads to the exposure of 
hydrophobic residues which promotes immediate aggregation [Yan et al. 2004]. Indeed, 
recent studies have concluded that the first step of aggregation encompass a partial 
unfolding of the native conformation of protein. Consequently, some specific regions 
such as hydrophobic sites or free-SH groups become more exposed to new 
intermolecular interactions and so contribute to the formation of aggregates [Militello et 
al. 2004; Vetri et al. 2007]. At present, there is no general solution to the problem of 
protein aggregation. However, it is well-recognized that the intra-chain interactions 
facilitate specific folding of polypeptide towards native conformation while the inter-
chain interactions lead to protein aggregation. Therefore, promoting factors that favor the 
kinetic competition toward intra-chain interactions may hold the key to counter this 
devastating process and also generate the proteins in native state [Das et al. 2007]. In this 
context, several strategies have been proposed to prevent aggregation of proteins One 
such approach is the use of additives such as sugars, polyols, amino acids, amines, salts, 
polymers and surfactants to the solution [Hamada et al. 2009]. 
Ionic surfactant particularly sodium dodecyl sulfate, SDS (Figure 3.1 A) is known to 
significantly influence the aggregation behavior of proteins depending upon its 
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concentration. The sub-micellar concentration of SDS is found to induce strong 
aggregation in proteins. However, higher concentration of SDS, especially above CMC, 
is icnown to remarkably suppress the self-assembly process [Hung et al. 2010; Khan et al. 
2012; Pertinhez et al. 2002], It is believed that aggregation inhibition at post-micellar 
SDS concentration occurs mainly due to the increased helical propensity of the 
polypeptide chain. This leads to the proposal that promoting the formation of helical 
structures in proteins is likely to inhibit its aggregation as it will enhance the population 
of species that undergo intra-chain interactions and hence will reduce the propensity for 
inter-polypeptide association [Giehm et al. 2010; Pertinhez et al. 2002]. Such strategy has 
been proposed mainly in context of those proteins which undergo amyloid-fibril 
formation and are associated with neurodegenerative diseases [Badraghi et al. 2009; 
Giehm et al. 2010; Hung et al. 2010]. It is, however, not discussed whether such an 
approach can be applied in case of industrially important proteins which are not only 
required to be protected against aggregation but also need to remain functionally active in 
the presence of aggregation inhibitors. 
Papain is a model cysteine protease isolated from the latex of Carica papaya. It is a a+P 
class protein containing two distinct domains (Figure 5.1) that arc known to fold 
independently [Edwin and Jagannadham 1998]. Papain is well studied because of its 
molecular structure and tremendous industrial applications including beverages 
production, baking process, leather processing, silk processing in textile industry, 
cosmetic preparations, chitosan processing, processing of photographic films, synthesis 
of detergents and many others [Zbigniew 2007]. 
Figure 5.1 Three dimensional structure of papain (PDB ID: 9PAP) generated by Chimera viewer. 
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The thermal denaturation of papain as studied by differential scanning calorimetry 
reveals that this protein denatures irreversibly [Solis-Mendiola et al. 1993]. Whether or 
not papain undergoes aggregation during thermal denaturation is not yet reported. In this 
study, we used several spectroscopic techniques together with microscopic analysis and 
demonstrated that thermal unfolding of papain at neutral pH is also accompanied by 
aggregation, the extent of which increases with increase in protein concentration. Further, 
we observed the effect of post-micellar SDS concentration of thermal aggregation of 
papain and found that pre-incubation with SDS significantly reduces the aggregation 
propensity of this protein. Also, the helical structure of protein was found to be 
significantly enhanced in the presence of SDS. However, it was found that aggregation 
suppression by using SDS does not restore the activity of this protein. The results suggest 
that promoting helical structure of protein for achieving aggregation inhibition may not 
be a useful strategy to prevent the thermal aggregation of industrially important 
proteins/enzymes. 
5.2. Materials and methods 
Papain from Carica papaya (P4762), SDS (sodium dodecyl sulphate), L-Cysteine and 
ANS (l-anilino-8-naphthalene sulfonate) were purchased from Sigma-Aldrich Chemical 
Co., St. Louis, MO, USA. All other reagents used were of analytical grade. 
5.2.1. Sample preparation 
Papain was dissolved in 20 mM sodium phosphate buffer pH 7.0 containing 5 mM 
sodium tetrathionate for inactivation of the proteolytic activity. The protein solution was 
dialyzed extensively. Protein concentration was determined using 8 J^ Q „^  = 25 on Perkin 
Elmer Lambda 25 UV-Visible spectrophotometer [Fatima and Khan 2007]. The 
molecular weight of protein was taken as 23,406 Da [Mitchel 1970]. The stock solution 
of SDS was prepared in 20 mM sodium phosphate buffer pH 7.0. The stock solutions and 
buffers were filtered through 0.45 |xm syringe filter. 
5.2.2. pH determination 
pH measurements were carried out as described in section 2.2.2. 
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5.2.3. Circular dichroic measurements 
Circular dichroic measurements were performed on a JASCO spectropolarimeter (J-815) 
in a cuvette of 1 mm path length. The instrument was calibrated with D-IO-
camphorsulfonic acid. The thermal unfolding of papain at different conditions was 
evaluated by measuring the temperature-dependent CD response at 222 nm from 20 to 90 
C at a rate of 1 °C /min. The far-UV CD spectra (190-250 nm) of protein were recorded 
at a temperature Interval of 5 C from 20 to 90 C. The MRE (Mean Residue Ellipticity) 
in deg cm^dmof' was calculated using the following equation: 
y^^^^Md^^ (1) 
10 X « x / X Cp 
where Bobs is the CD in millidegree, n is the number of amino acid residues (212), / is the 
pathlength of the cell in cm and Cp is the molar concentration of protein. The reversibility 
of temperature-induced changes was monitored by cooling the pre-heated samples from 
90 to 20 C at the similar rate i.e. 1 °C /min. The percent a-helical and p-sheet contents of 
the protein under desired conditions were calculated by online K2D3 software [Louis-
Jeune et al. 2011] using the MRE values (190-240 nm) as extracted from the CD spectra. 
5.2.4. Turbidity measurements 
The temperature-dependent changes (20-90 °C) in turbidity of protein samples under 
desired conditions were observed by recording absorbance at 350 nm on Perkin-Elmer 
Lambda 25 double beam UV-Vis spectrophotometer. The time-dependent changes in 
turbidity of protein at different temperatures were also monitored in similar manner. 
5.2.5. Rayleigh light scattering 
Rayleigh light scattering (RLS) experiment was performed on Hitachi spectrofluorometer 
(F-4500) in 1 cm path length cuvette. Protein samples under desired conditions were 
excited at 350 nm and spectra were recorded from 300 to 400 nm. Both excitation and 
emission slits were fixed at 5 nm. 
5.2.6. ANSfluorescence assay 
A stock solution of ANS was prepared in distilled water and its concentration was 
determined using molar extinction coefficient, SM = 5000 M ' cm"' at 350 nm. For ANS 
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binding experiment, protein samples at different conditions were incubated with 50 fold 
molar excess of ANS for 30 min in dark. The excitation wavelength for ANS 
fluorescence was set at 380 nm and the emission spectra were recorded from 400 to 600 
nm. Both the excitation and emission slits were set at 5 nm. 
5.2.7. Proteolytic activity assay 
The assay of proteolytic activity of papain at different temperatures was made using 1% 
casein solution as substrate. For measuring the activity the modified enzyme was 
incubated in the activation buffer (20 mM sodium phosphate, pH 7.0) containing 5 mM 
cysteine and 1 mM EDTA for 2 min. The reaction was initiated by adding 0.1 ml of 
papain (5 |xM) which was pre-incubated at desired temperature for 5 min to 0.9 ml of 
casein solution. The reaction was stopped exactly after 10 min by adding 1 ml ol' 10% 
trichloroacetic acid (TCA). The samples were allowed to stand for 30 min followed by 
centrifiigation at 3000 g for 20 min. The absorbance of the filtered supernatant was 
recorded at 280 nm. Background hydrolyses of the substrate as well as enzyme were 
measured and used for correcting the absorbance values. Enzyme activity was reported as 
change in absorbance at 280 nm/ min. The experiments were performed in triplicates. 
5.2.8. Transmission electron microscopy 
The morphology of aggregates in different conditions was examined on JEOL 21 OOF 
transmission electron microscope (TEM) operating at an accelerating voltage of 200 kV. 
Protein sample (6 ^L), incubated under different conditions was applied on 200 mesh 
copper grid covered by carbon-coated formvar film. Excess of fluid was removed after 2 
min, unbound protein was washed with miliQ water and the samples were negatively 
stained with 2% (w/v) uranyl acetate. The grids then were air-dried and viewed under 
electron microscope. 
5.3. Results 
5.3.1. Monitoring the thermal unfolding of papain byfar-UV CD 
The thermal denaturation of papain in the temperature range 20-90 "C was observed by 
far-UV CD method which reflects changes in the regular secondary structure of protein 
[Kelly et al. 2005]. Figure 5.2 shows a characteristic thermal unfolding profile of papain 
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at three different concentrations i.e. 3, 5 and 10 |iM displaying almost similar trend. The 
negative ellipticity (9) value at 222 nm remained almost unchanged between 20 to 50 "C. 
Heating the samples above 50 °C caused a gradual decrease in negative ellipticity which 
indicates unfolding of the protein. The ellipticity was found to decrease significantly in 
between 70-80 °C which suggests a significant loss of regular secondary structure. 
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Figure 5.2 Temperature-dependent changes in ellipticity (9) at 222 nm of papain at 3 |iM (-•-), 5 [iM (-•-), 
and 10 fiM (-••-). For sake of clarity, the reversibility profile is shown for only 10 ^M protein (-•-). 
No further changes in ellipticity were observed above 80 °C. To check, if temperature-
induced changes in protein conformation are reversible or not, the samples were cooled 
down from 90 to 20 °C at similar rate. However, no detectable decrease in (negative) 
ellipticity was observed on cooling the pre-heated enzyme (10 jtM) suggesting that the 
thermal unfolding of papain is an irreversible process. Similar results were observed at 
other protein concentrations (data not shown for the sake of clarity). From these results it 
is clear that papain undergo an irreversible unfolding, which is in agreement with the 
previous observations [Solis-Mendiola et al. 1993]. 
5.3.2. Thermal aggregation of papain as monitored by turbidity measurement 
To assess the cause of irreversible unfolding of papain, we observed temperature-
dependent changes in turbidity of the protein at different concentrations (Figure 5.3). The 
turbidity of protein samples remained insignificant in the temperature range 20-50 °C. 
Upon raising the temperature above 50 °C, a gradual increase in turbidity was observed. 
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Figure 53 Temperature-dependent changes in turbidity at 350 nm of papain at at 3 nM (-•-), 5 \iM (-•-), 
and 10 nM (-•-). 
The turbidity was markedly enhanced at about 70-80 °C. This indicates that unfolding of 
the protein (as seen in Figure 5.2) is accompanied by simultaneous aggregation. 
It is notable that turbidity of the samples increases with increasing concentration of 
protein. Figure 5.4 shows a picture of papain samples at different concentrations that 
were subjected to 70 °C for 1 h followed by overnight incubation. An increasing amount 
of aggregates can be seen in samples containing 3-40 \iM papain. 
Figure 5.4 Eppendorfs containing increasing concentration of papain (pH 7.0) incubated at 70 °C for Ih 
and kept overnight. 
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5.3.3. Effect ofpost-micellar SDS concentration on thermal aggregation of papain 
As mentioned earlier, the post-micellar concentration of the anionic surfactant SDS is 
report to exert inhibitory action on amyloid formation of some of the pathogenic proteins. 
In order to observe how SDS affects the thermal aggregation of papain, we incubated 
protein samples with 6 mM SDS. The CMC of SDS in sodium phosphate buffer at neutral 
pH (25 °C) is reported to be 4.7 mM as determined by conductivity experiment [Rangel-
Yagui 2005]. The change in turbidity of the protein in the absence and presence of SDS 
were examined for 3 and 5 |iM protein (Figure 5.5A and B respectively) in the 
temperature range 20-90 °C. 
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Figure 5.5 Temperature-dependent changes in turbidity of (A) 3 jiM and (B) 5 |xM papain in the absence (-
•-) and presence (-•-) of 6 mM SDS. 
Whereas protein samples incubated without SDS showed significant increase in turbidity 
when subjected to thermal treatment, the samples treated with 6 mM SDS did not 
exhibited any change in the turbidity over the entire temperature range studied. This 
suggested that SDS inhibits the thermal aggregation of papain thereby not allowing the 
turbidity to rise. Furthermore, it was found that increasing the protein concentration from 
3 to 5 |iM did not affect the inhibitory action of SDS at the concentration taken in the 
study (6 mM). Similar results were obtained at higher protein concentration (data not 
shown). 
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5.3.4. Effect of SDS on time-dependent changes in aggregation of papain 
We also observed time-dependent changes in turbidity of papain at different temperatures 
in the absence and presence of SDS. The experiments were conducted at 3 fxM (Figure 
5.6A) and 5 |xM (Figure 5.6B) protein concentration. 
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Figure 5.6 Time-dependent ciianges in thermal aggregation of (A) 3 nM and (B) 5 ^M papain at di rferent 
temperatures in the absence and presence of 6 mM SDS. 
The turbidity of samples increased with increase in time such that at 65 and 70 "C no 
slope off was observed even at 30 min. However at 75 °C very significant increase in 
turbidity was noticed within first 5 min of incubation. After this the turbidity ceased to 
enhance further. A slight decrease in turbidity observed after 10 min at 75 °C (at both the 
concentrations taken) may be attributed to the formation of large amount of aggregates 
that might have settled in the cuvette. Similar interpretation may be true for sample 
containing 5 ^M protein at 70 °C after about 25 min. In the presence of 6 mM SDS for 15 
minutes prior to incubation at 75 °C, no changes in turbidity could be observed 
throughout the time period studied. 
Table 5.1 summarizes that turbidity at 350 nm of papain at different temperatures in the 
absence and presence of SDS. The above results clearly demonstrate strong potential of 
post-micellar SDS concentration to inhibit thermal aggregation of papain. 
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Table 5.1 Changes in turbidity at 350 nm of papain (pH 7.0) under different conditions 
following incubation of 10 minutes. 
Conditions 
3 fiM Papain at 65 "C 
3 ^M Papain at 70 °C 
3 nM Papain at 75 "C 
3 nM Papain + 6 mM 
SDS at 75 "C 
Turbidityjso am 
0.146 
0.326 
0.914 
0.005 
Conditions Turbidity^sonm 
5 nM Papain at 65 °C \ 0.267 
5 nM Papain at 70 °C : 0.518 
5 nM Papain at 75 °C | 1.315 
5 ^M Papain + 6 mM 1 0.009 
SDS at 75 "C 
5.3.5. Effect ofpost-micellar SDS concentration on thermal unfolding of papain 
The remarkable potential of SDS in inhibiting the aggregation of protein prompted us to 
examine how this surfactant affects the thermal unfolding of papain. For this, we 
followed the temperature-dependent changes in ellipticity of papain in the absence and 
presence of 6 mM SDS as shown in Figure 5.7. 
20 30 40 50 60 70 80 90 
Temperature (°C) 
Figure 5.7 Temperature-dependent changes in MREzzznmOf SB (5 ^M) in the absence (-•-) and presence (-
•-)of6mMSDS. 
In the absence of SDS, papain showed a characteristic thermal unfolding profile where 
the negative MRE at 222 nm decreased significantly from -11,739 deg cm^ dmol' at 20 
°C to -3,347 deg cm^ dmol"' at 90 °C. On the other hand, in the presence of 6 mM SDS, 
the (negative) MRE value underwent only a moderate change from -10,654 deg cm" 
dmol"' at 20 "C to -7,752 deg cm' dmof' at 90 "C. This indicates that SDS possibly tended 
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to suppress the unfolding of protein whereby its hydrophobic patches are not exposed 
enough to commence the aggregation process. 
In order to assess the temperature-induced changes on protein conformation in the 
absence and presence of SDS, we collected far-UV CD spectra of protein at different 
temperature intervals during the thermal denaturation experiments (as described in 
material and method section 5.2.3). As evident from Figure 5.8A, the far-UV CD spectra 
of papain at 25 °C exhibited negative peaks at 208 and 222 nm, which are characteristics 
of a-helical content. 
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Figure 5.8 Far-UV CD spectra of papain (5 \M) at different temperatures in the (A) absence and (B) 
presence of 6 mM SDS. 
As the temperature increased to 65 and to 75 °C, we obtained spectra with considerably 
reduced negative ellipticity values suggesting loss of regular secondary structure. When 
the temperature was further raised to 85 °C, the negative peaks at 208 and 222 nm were 
almost lost. On the other hand, CD spectra in the presence 6 mM SDS showed signs of 
induction, rather than loss, of regular secondary shucture that persisted even at higher 
temperatures. This was inferred from a distinguishable increase in negative MRE at 208 
nm at 25 °C in the presence of 6 mM SDS as shown in Figure 5.8B. The change in the 
spectra may be attributed to increase in helical content of protein. Raising the temperature 
up to 85 °C resulted in only marginal changes in spectra without any significant loss of 
secondary structure. Table 5.2 reveals changes in the percent a-helical and p-sheet 
contents of papain under different conditions. 
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Table 5.2 The changes in % a-hehcal and p-sheet contents of papain (pH 7.0) under 
different conditions. 
Conditions 
Papain at 25 "C 
Papain at 65 °C 
Papain at 75 °C 
Papain at 85 "C 
Papain + 6 mM SDS at 25 °C 
Papain + 6 mM SDS at 65 °C 
Papain + 6 mM SDS at 75 °C 
Papain + 6 mM SDS at 85 "C 
"/o a-helical content 
24.51 
20.15 
11.24 
3.17 
32.29 
25.33 
24.56 
24.27 
Vo p-sheet content 
24.78 
26.08 
30.90 
11.84 
17.02 
20.31 
22.72 
21.55 
At 25 °C, tlie protein was found to contain 24.51% a-helical and 24.78% p-sheet 
structures which is similar to that obtained from the crystal structure of enzyme (25 % 
helical and 21% P-sheet structure) [Kamphuis et al. 1984]. When temperature was raised 
to 65 "C, the a-helical content was reduced to 20.15 % while P-sheet content was shghtly 
enhanced to 26.08 %. The increase in temperature up to 75 °C led to a considerable 
lowering of a-helical content to 11.24%. On the other hand p-sheet content was found to 
remain further enhanced (30.9 %). This may be due to the fact that the two domains of 
papain i.e. a-domain and the P-domain are known to fold independently as mentioned 
earlier [Solis-Mendiola 1993]. It is possible that unfolding a-domain may have resulted in 
a conformation with P-sheet rich structure that might have facilitated the aggregation 
reaction. At 85 °C we observed that both helical and P-sheet content were drastically 
reduced suggesting a significant loss of regular secondary structural elements. 
In contrast, when protein samples were incubated with 6 mM SDS prior to thermal 
unfolding, a marked increase in a-helical content (32.29 %) was noticed at 25 °C whereas 
the P-sheet content was reduced 17.02 %. At higher temperatures i.e. 65-85 °C, the a-
helical content was moderately reduced but not as significantly lost as in the absence of 
SDS. Besides, p-sheet content also did not alter as radically as during the aggregation of 
protein. The above data clearly shows that post-micellar SDS concentration enhances the 
helical propensity of papain which may be responsible for the observed inhibition of 
thermal aggregation of protein. 
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5.3.6. Monitoring the thermal aggregation of papain by Rayleigh scattering method. 
So far we have determined the thermal aggregation of papain by only turbidity 
measurements. Another way to analyze the presence of aggregates is to monitor the light 
scattering intensity. 
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Figure 5.9 Light scattering intensity at 350 nm of papain (pH 7.0) at different temperatures in the absence 
and presence of 6 mM SDS. 
Figure 5.9 shows light scattering intensity at 350 nm of papain at 3 and 5 ^M 
concentration following incubation at 25 and 70 °C and also at 70 °C in the presence of 6 
mM SDS. At 25 °C, papain showed very insignificant light scattering intensity indicating 
absence of aggregates in the samples. Incubating the samples at 70 °C for 1 h led to a 
marked increase in light scattering intensity which suggests formation of large amount of 
aggregates by the protein. However, protein samples at 70 °C that were pre-treated with 6 
mM SDS gave very poor scattering intensity which was comparable to that obsen ed at 
25 °C. It is also notable that the light scattering intensity is greater for sample containing 
5 ^M papain. The data further confirms that papain undergoes thermal aggregation, the 
extent of which increases with increase in protein concentration. Furthermore. SDS at 
post-micellar concentration efficiently inhibits its thermal aggregation. 
5.3.7. Thermal aggregation of papain as studied by ANS fluorescence measurement 
We also employed extrinsic fluorescence assay to further determine the aggregation of 
protein by using ANS as an extrinsic fluorophore [Hawe et al. 2008]. The preferential 
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binding of ANS to hydrophobic patches gives rise to an enhanced fluorescence emission 
accompanied by a blue-shift of spectral maximum and therefore the surface 
hydrophobicity of protein samples (which enhances during aggregation) can be 
monitored by ANS fluorescence emission [McDuff et al. 2004; Morshedi et al. 2007]. 
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Figure 5.10 ANS fluorescence spectra of (A) 3 \M and (B) 5 nM papain (P) at different temperatures in 
tiie absence and presence of 6 mM SDS. 
As shown in Figure 5.1 OA and B, at 25 °C the ANS fluorescence spectra of 3 and 5 \iM 
papain respectively exhibited very low fluorescence intensity with an emission maxima 
ihnax) at 505 nm indicating that the hydrophobic sites are hidden inside the well-folded 
native papain. The incubation of protein at 70 °C led to an evident augmentation of ANS 
fluorescence intensity at 480 nm along with blue-shifted X^ ax thus ftirther confirming the 
formation of aggregates. In contrast, the protein samples at 70 °C that were pre-incubated 
with 6 mM SDS gave very low fluorescence intensity (spectra obtained after subtracting 
from appropriate controls) thus indicating suppression of aggregation. The ANS 
fluorescence intensity at 480 nm and X^ ax of papain obtained under different conditions 
are summarized in Table 5.3. 
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Table 5.3 Parameters obtained from ANS fluorescence measurement of papain under 
different conditions. 
Conditions 
3 nM Papain at 25 °C 
5 ^M Papain at 25 "C 
3 nM Papain at 70 °C 
5 ^M Papain at 70 "C 
3 nM Papain + 6 mM SDS at 70 T 
5 nM Papain + 6 mM SDS at 70 °C 
ANS F.I at 480 nm (A.U) 
46.95 
56.84 
185.42 
368.89 
17.41 
27.74 
K,»x (nm) 
505 
505 
480 
480 
500 
505 
5.3.8, Morphology of thermally-induced aggregates of papain as examined by TEM 
The morphology of aggregates of papain in different conditions was examined using the 
transmission electron microscopy as shown in Figure 5.10. 
Figure 5.11 Transmission electron microscopic images of (A) 3 ^M papain in the absence and (C) presence 
of 6 mM SDS; (B) 5 pM papin in the absence and (D) presence of 6 mM SDS. Scale bar represents 100 nm. 
It can be observed that aggregates with amorphous, and not fibrillar, appearance were 
found in 3 and 5 ^M papain containing samples (Figure 5.1 lA and B respectively), that 
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were incubated at 70 "C for 1 h prior to imaging. Also, aggregates formed were more 
dense at higher concentration. On the other hand, protein samples treated with 6 mM SDS 
(Figure 5.11 C and D) revealed almost negligible aggregate formation. It is also evident 
from TEM images that thermally-induced aggregates of papain lacked the characteristics 
of typical amyloid structures. 
5.3.9. Effect ofpost-micellar SDS concentration on the activity of papain 
As mentioned earlier, the fact that post-micellar SDS concentration effectively inhibits 
aggregation of protein can be exploited as a useful approach only if the protein retains its 
activity in the presence of SDS. Therefore, the activity of papain was examined with 
respect to temperature in the absence and presence of 6 mM SDS. The activity of papain 
was determined using casein as substrate. The synthetic substrates that are more 
commonly employed for activity measurements could not used as they were either getting 
precipitated by SDS (Na-Benzoyl-L-arginine 4-nitroanilide hydrochloride, BAPNA) or 
were themselves undergoing autolysis at pH 7.0 (Z-L-Lys-ONp hydrochloride). It should 
also be noted that adequate controls of substrate casein were taken to rule out its 
chaperone activity and changes induced by casein on protein conformation. 
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Figure 5.12 (A) Temperature-dependent changes in activity of papain in the absence and presence of 6 mM 
SDS (B) Effect of cysteine and EDTA on thermal aggregation of 5 i^M papain at 70 °C. 
Figure 5.12A shows the activity of papain at different temperatures in the absence and 
presence of 6 mM SDS. The percent (%) activity was calculated taking activity of 
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enzyme at 65 °C (where maximum activity was recorded) as 100%. It is evident from this 
figure that papain remains considerably active over a broad range of temperature (35-75 
"C) in accordance with previous reports. In contrast, the enzyme showed no appreciable 
activity in the presence of SDS. Only 8 to 12 % of the activity was retained above 50 °C 
in the presence of 6 mM SDS. These findings clearly disfavor the use of SDS as a 
suitable aggregation inhibitor of papain. 
The activity measurements data as shown above raises question as to how protein is 
showing activity under conditions where it is found to aggregate. The key to this question 
is that prior to the activity measurements, the enzyme was incubated in the activation 
buffer containing cysteine and EDTA as mentioned in materials and methods section 
3.2.7. In Figure 5.12 B, we have shown the time-dependent changes in turbidity at 350 
nm of papain at 70 °C in buffer containing either 5 mM cysteine or 1 mM EDTA or both. 
From this figure, it is clear that cysteine, but not EDTA, protects the enzyme against 
thermal aggregation thereby facilitating activity measurements. The results obtained from 
activity measurements also reveal that despite being incubated in activation buffer 
(containing cysteine), papain is not able to retain its acfivity in the presence of SDS. 
5.4. Discussion 
Protein aggregafion remains one of the major challenges in the development and 
commercialization of biotechnology products. Among all the environmental factors that 
determine aggregation of proteins, temperature is arguably the most critical factor for 
consideration when proteins are handled during the entire development and 
commercialization processes [Wang et al. 2010]. It is reported that the thermodynamic 
stability of protein resides over only a narrow temperature range [Talla-Singh and Stites 
2008]. Therefore, decreasing or increasing the temperature may destabilize the protein 
and can promote aggregation. Surfactants are often added into protein solutions to inhibit 
protein aggregation in different processes, such as shaking/shearing as well as thermal 
treatment. Their stabilization effect has been mostly attributed to their weak binding to 
proteins thus blocking or partially blocking the aggregafion-prone hydrophobic sites on 
the protein surface [Mahler et al. 2009]. Additionally, protein-surfactant interactions hold 
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considerable importance due to its application in pharmaceutical, chemical and cosmetic 
industries [Li et al. 2006; Wang 2005]. Ionic surfactant, particularly SDS has been 
demonstrated to effectively inhibit the self-assembly of protein above its CMC. 
In the present study, we demonstrate that papain, a well-utilized enzyme of great 
industrial and medicinal importance, undergoes thermal aggregation. Initially, the thermal 
unfolding of papain was monitored at different concentrations by far-UV CD. It was 
observed that protein significantly unfolds between 50-80 °C. In addition, the thermal 
melting of this protein was found to be an irreversible process. To explore the cause of 
irreversible unfolding, the turbidity of protein was monitored with respect to temperature 
and it was observed that protein unfolding above 50 °C is accompanied by simultaneous 
aggregation process. This thermal aggregation behavior of papain was observed over a 
concentration range of 3-40 |aM. The reason for analyzing the effect of protein 
concentration on thermal aggregation is the existence of different aggregation pathways 
due to which the increase in protein concentration may result in different consequences 
such as decreased aggregation due to crowding effect, increased aggregation due to 
increased chance of association or precipitation due to the solubility limit. The ultimate 
effect is protein-dependent and the net result of these factors [Wang et al. 2010]. 
The aggregation was also confirmed by increase in light scattering intensity and 
enhancement of ANS fluorescence intensity. The morphology of the aggregates was 
examined by transmission electron microscopy where aggregates with disordered or 
amorphous appearance were observed. 
Furthermore, we monitored the influence of post-micellar SDS concentration on 
aggregation of papain. It was found that SDS potentially inhibits the self-assembly of 
papain as demonstrated by insignificant turbidity, reduced light scattering intensity and 
significantly lowered ANS fluorescence intensity. Besides, TEM images of the protein 
incubated with post-micellar SDS concentration did not reveal any aggregated 
morphology. 
In order to assay the cause of aggregation inhibition by SDS, the far-UV CD spectra of 
protein was collected at different temperatures in the absence and presence of SDS. The 
CD spectra of protein in the absence of SDS displayed a normal unfolding behavior 
where negative ellipticity values continuously decreased with increase in temperature. 
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However, in the presence of SDS, induction of helical structure was observed. The 
calculated percent a-helical content was found to decrease from 24 % at 25 "C to nearly 
3% at 85 °C in the absence of SDS. However, incubation with 6 mM SDS 25 °C led to an 
increase in a-helical content to 32 %. Heating up to 85 °C led to only an immoderate 
decrease (24 %) in helicity. These observations led us to conclude that increased helical 
content as induced by SDS might have stabilized papain against thermal denaturation. 
Similar conclusions have been drawn in previous studies on lysozyme, insulin, a-
synulcein etc where aggregation inhibition at post-micellar SDS concentration has also 
been attributed to increase in helical structure contents of the respective model proteins 
[Badraghi et al. 2009; Giehm et al. 2010; Hung et al. 2010]. Additionally, in a recent 
study on thermal unfolding of bovine serum albumin (BSA), it has been shown that the 
helicity of BSA decreases sharply between 50-100 °C, but in the presence of SDS the 
helicity was found to be remarkably maintained up to 85 °C. The protective effect of SDS 
on secondary structure of BSA and other serum albumins (which mainly contain helical 
structure) is observed not only during thermal denaturation but also during the chemical 
denaturation process [Moriyama et al. 2008]. 
The strong aggregation inhibition potential of SDS prompted us to check the activity of 
papain in the presence of this inhibitor and to examine whether such an approach can be 
successfully applied to proteins that are unrelated to pathology but hold immense 
commercial importance. However, the results obtained from activity measurements 
clearly showed papain to be functionally inactive when incubated with post-micellar SDS 
concentration. A nearly ten- fold decrease in enzyme activity was observed in presence of 
6 mM SDS above 50 °C. 
Keeping in consideration all the above facts, it can be said that the conformational 
alterations brought about by SDS were indeed making papain structurally stable but 
rendering it functionally inactive. The overall resuhs of this study are summarized in a 
schematic form as shown in Figure 5.13. 
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Thermal unfolding 
(50-80 °C) 
Disordered 
aggregates formed 
Papain 
(pH 7.0) 
6 mM SDS 
(> CMC) 
Temperature 
( > 50 °C) Aggregation inhibited 
• but protein remains 
catalytically inactive 
Heiicity enhanced 
Figure 5.13 Schematic representation of temperature-induced changes in papain conformation in the 
absence as well as presence of SDS (> CMC). 
5.5. Conclusion 
We observed that papain exhibits remarkable tendency to aggregate at a temperature 
above 50 °C. The aggregation propensity increases with increases in protein 
concentration. The aggregates formed were disordered in appearance and lacked 
characteristics of amyloid-fibrils. Furthermore, we checked the effect of post-micellar 
SDS concentration on self-assembly process and found that SDS significantly inhibits the 
aggregation of papain by inducing the formation of helical structure whereby protein 
resisted unfolding at higher temperatures and therefore did not aggregate. Unfortunately, 
despite being an effective aggregation inhibitor, SDS was found to be unable to restore 
the activity of enzyme. With these facts in consideration, we conclude that promoting the 
helical propensity of protein to attain aggregation inhibition may not be a successful 
strategy to overcome the aggregation-related problems of enzymes such as papain. 
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Abstract 
The molten globule (MG) state of proteins is widely detected through binding with 1 -anilino-S-naphthalene sulphonate 
(ANS), a fluorescent dye. This strategy is based upon the assumption that when in molten globule state, the exposed 
hydrophobic clusters of protein are readily bound by the nonpolar anilino-naphthalene moiety of ANS molecules which 
then produce brilliant fluorescence. In this work, we explored the acid-induced unfolding pathway of chymopapain, a 
cysteine proteases from Carica papaya, by monitoring the conformational changes over a pH range 1.0-7.4 by circular 
dichroism, intrinsic fluorescence, ANS binding, acrylamide quenching, isothennal titration calorimetry (ITC) and dyriamic 
light scattering (DL5). The spectroscopic measurements showed that although maximum ANS fluorescence intensity was 
observed at pH 1.0, however protein exhibited ~80% loss of secondary structure which does not comply with the 
characteristics of a typical MG-state. In contrast at pH 1.5, chymopapain retains substantial amount of secondary structure, 
disrupted side chain interactions, increased hydrodynamic radii and nearly 30-fold increase in ANS fluorescence with respect 
to the native state, indicating that MG-state exists at pH 15 and not at pH 1.0. fTC measurements revealed that ANS 
molecules bound to chymopapain via hydrophobic interaction were more at pH 1.5 than at pH 1.0. However, a large 
number of ANS molecules were also involved in electrostatic interaction with protein at pH 1.0 which, together with 
hydrophobically interacted molecules, may be responsible for maximum ANS fluorescence. We conclude that maximum 
ANS-fluorescence alone may not be the criteria for determining the MG of chymopapain. Hence a comprehensive structural 
analysis of the intermediate is essentially required. 
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Introduction 
I'he process of protein folding, despite being one of the most 
intensely investigated areas, remains obscure in terms of its 
detailed molecular mechanism. The spontaneit)' and extreme 
cooperativit)' of this process makes it a challenging task to uiu-avel 
the entire mechanism mainly because of the inability to populate 
the distinct intermediate states that encompass the folding patliway 
of a nascent polypeptide |1 3]. Characterization of these 
intermediates is the key to unlock the step by step mechanism 
and to extend our knowledge on the principles governing protein 
folding |4,5]. 
hi past, a lot of attention has been paid to molten globule (MG), 
an intermediate with feasible occurrence as a general physical state 
in the folding pathway of globular proteins [6 8|. The MG state 
generally corresponds to late folding intermediate and has been 
obtained for many proteins under different solvent conditions [9 
12]. In order to be defined as a typical molten globule, an 
intermediate requires being a compact collapsed state with 
substantial amount of secondary structure, loose tertiary contacts 
without tight side chain packing and a solvent accessible 
hydrophobic core [13]. Conventionally, the exposed hydrophobic 
clusters of folding intermediates are detected through 1 anilino-S-
naphthalene sulfonate (ANS) binding, a much utilized fli.orescence 
probe for detecting the non-polar character of proteins and 
membranes [14]. In fact, the available literamre repeals thai 
molten globule state is mostly pinpointed from its maximum ANS 
binding ability under the conditions studied since the otlier typical 
features viz pronounced secondary structure and disrupti-d tertiary 
contacts often seem to merge with intermediates lying in the 
vicinity of MG-state 112,15 20]. Such utilization of ANS which is 
based upon the principle that ANS is practically non fluorescent m 
water but produces brilliant fluorescence upon binding to 
hydrophobic sites of protein [21] generall\' ignores the contribu-
tion of sulfonate group that was earlier considered os a mere 
solublizing agent for otherwise almost water-insoluble aniUno-
naphthalene moiety. However, the role of electrostatic interactions 
in ANS-protein interaction was highlighted later in th- findings 
that .\NS binding to proteins depends upon proteii cationic 
charge and pH of the solution and occurs precisely through ion-
pair formation between sulfonate group of ANS and sidi chains of 
Arg/Lys/His residues of polypeptide chain [22,23|. A more recent 
study has revealed that mteraction of sulfonate group of \NS with 
charged centers of Arg and Lys residues resulted in -nhanced 
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Abstract 
Sodium dodecyl sulphate (SDS), an anionic surfactant that mimics some characteristics of biological membrane has also 
been found to Induce aggregation In proteins. The present study was carried out on 25 diverse proteins using circular 
dichroism, fluorescence spectroscopy, dye binding assay and electron microscopy. It was found that an appropriate molar 
ratio of protein to SDS readily induced amyloid formation in all proteins at a pH below two units of their respective 
isoelectric points (pi) while no aggregation was observed at a pH above two units of pi. We also observed that electrostatic 
interactions play a leading role in the induction of amyloid. This study can be used to design or hypothesize a molecule or 
drug, which may counter act the factor responsible for amyloid formation. 
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Introduction 
While the majority' of the proteins may acquire completely 
folded and functional conformation under in-viw conditions, some 
of these undergo misfolding due to several reasons. It still remains 
unclear whether amyloid development is commenced by native 
state of proteins, partially or totally unfolded states. The amyloid 
formation is often linked with genetic mutations that can efficiendy 
destabilize the native state suggesting that a conformational 
change is the first essential step in amyloidogenesis |1 2]. The 
partially unfolded states of a protein produced under high 
temperature, high pressure, low pH or moderate concentrations 
of organic solvents exhibit more propensity to aggregate. Due to 
several biological and environmental factors, the partially folded 
intermediates of proteins undergo a / p or P-sheet transition, a 
characteristic feature of amyloidosis. Amyloid formation is usually 
a pathogenic process where proteins undergo a conformational 
change and self-assemble into nonfunctional but toxic fibrils [3|. 
This process is linked with wide range of human disorders such as 
Alzheimer's and Creutz-feldt-Jacob disease, senile systemic 
amyloidosis, type 2 diabetes and dialysis amyloidosis, etc. Amyloid 
fibrils are also formed in endogenous proteins where they perform 
normal functions. Hence amyloid formation is not always harmful 
as evidenced from the simplest to complex organisms [+-5]. 
Sodium dodecyl sulfate (SDS), an anionic surfactant having 
negatively charged head group and hydrophobic tail, mimics the 
structure of lipid molecules of biological membranes, SDS is often 
used as a denaturant that destroys protein's native conformation; it 
provides an anionic rnicellar interface that has been shown to 
accelerate the aggregation of A^ (1 40) over a limited range of 
(low SDS) concentrations [6). Understanding the nature of 
protein-surfactant interaction is of vital interest and allows us tn 
gain insight into the binding mechanism between the two 
components and its consequence effect on protein structure and 
functions in the complex [7 8|. Since the conditions required to 
induce aggregation vary from protein to protein, the objecti\e of 
this study was to provide a simple legislative to induce protein 
aggregation or amyloid formation with SDS by choosing 
appropriate pH conditions based on isoelectric point (pi). The 
aggregates so formed were studied using various spectroscopic as 
well as microscopic methods including circular dichroism, 
turbidity measurements, intrinsic fluorescence, Tliioflavin 1 
fl'hT) binding and transmission electronic microscopy. 
Materials and Methods 
Materials 
Human serum albumin |HSA| (5.67), porcine serum albumin 
(PSA| (5.89), bovine serum albumin [BSA| (5.65). sluep serum 
albumin |SSAJ (5.63), rabbit serimi albumin |RS.V] (5.70), 
ovalbumin [Oval] (4.5), Alucor javmkus lipase |M. Ja\ aj (5.90), 
lysozyme [Lyso] (11.2), invertase [Invert] (3.4), hemoglobin [Hbj 
(7.1), glucose oxidase [GOD] (4.94), Gelatin (4.7), feniin (5.21). 
concanavalin A [ConA] (5.43), a-lactalbumin [ALA] (4 4), cobra 
toxin [Cobra] (7.69), Candzda mgosa lipase [Cand] (4.7), [5-
lactoglobulin [BLGJ (5.2), bovine liver catalase |BLC| (3.4). a-
amylase [Alp Amy] (5.9), conalbumin |CA] (6.69), chymopapain 
fChymo] (10.4), rat IgG [RlgG] (7.8), asiaiofetum [Ai'T| .;5.1i, 
banana lectin [BLJ (6.26) and SDS uere purchased from Sigma 
Chemical Co. (St. Louis, MO, USA). All other reagents used were 
of analytical grade. Abbreviations used for particular proteins are 
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Abstract 
Banana lectin (BL) is a homoditneric protein categorized annong jacalin-related family of lectins. The effect of acidic pH was 
examined on conformational stability of BL by using circular dichroism, intrinsic fluorescence, 1-anilino-8-napthalene 
sulfonate (ANS) binding, size exclusion chromatography (SEC) and dynamic light scattering (DLS). During acid denaturation 
of BL, the monomerization of native dimeric protein was found at pH 2.0. The elution profile from SEC showed two different 
peaks (59.65 ml & 87.98 ml) at pH 2.0 while single peak (61.45 mO at pH 7.4. The hydrodynamic radii (/?h) of native BL was 
2.9 nm while at pH 2.0 two species were found with fih of 1 -7 and 3.7 nm. Furthermore at, pH 2.0 the secondary structures 
of BL remained unaltered white tertiary structure was significantly disrupted with the exposure of hydrophobic clusters 
confirming the existence of molten globule like state. The unfolding of BL with different subunit status was further 
evaluated by urea and temperature mediated denaturation to check their stability. As inferred from high C ,^ and AG values, 
the monomeric form of BL offers more resistance towards chemical denaturation than the native dimeric form. Besides, 
dimeric BL exhibited a Tm of 77°C while no loss in secondary structures was observed in monomers even up to 95°C. To the 
best of our knowledge, this is the first report on monomeric subunit of lectins showing more stability against denaturants 
than its native dimeric state. 
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introduction protons from tlie immensity of solution leading to a Idcal drop in 
pH, thus resulting in partial denatiiration of proteins |8.9). There 
Understandmg the factors that decide how a linear polypeptide ^ ^ „„^. abundant data available regarding the molten globule 
chain folds into its umque three-dimensional structure relic one of ^^ ^^ ^ „f monomeric protein, which' has greatly improved our 
the fundamental questions m biology. Several models for the [,„„, ,i„j„. „L . . • r u - ui j r u- j 
, , c • r , ,• , , . . . imowledge about protein folding problem and folding mtermedi-
mechamsm of protein folciing have been proposed and there is ^ ria lO) 
ample argument concerning competing hypothesis. Current , .• , ^ ^ , • , . , - „ , , 
5 • r L u . 1 Lectms are (glyco proteins which specifically bind o mono or 
sources of content consist of whether there are on-pathway ,. L • • •, , . • \- . •' 
intermediates in the folding and if so. what the nature of such °^«°!f''^^"^'^ '•'^ •^•=^^ '.'''>- l^''"'' ^'^ ^"""^ •" ^ '^'^ '^ ' ^"S^om of 
partiallv folded intermediates is. There are substantial evidences ^''•J^^Y,P*:-*"" ^:^™"S biological functions ranging from host-
which indicate that proteins of smaller molecular weight under P'»*°g''"''^ mteracuon, cancer metastasis, cell ceU cmmunica-
appropriate conditions fled to the native state within a few """ . ^"^bryogenests, mitogemc stmiulation as weU a> the tissue 
miUiseconds with no detectable intermediate [1,21. Such folding is a<^^elopmem [13 16]. Their high affinity and specificity for 
consistent with smooth-funnel energy landscape models. On the g'ycoconjugates have found many appUcations in biological and 
other hand, for many proteins there are extensive experimental biomedical research [17]. Banana lectin (BL) is a member of 
data for transient intermediate, Including the molten globule [3,4]. Jacalm-related superfaimly of lecuns and explicitly hinds to 
The molten globule is an intermediate state ofprotein stabilized by "^"^^^ and glucose contaimng oligosaccharides |18.19|. it is a 
acidic/alkaline pH, moderate concentration of strong chemical homodimenc protein where each subunit has a molecular weight 
denaturants at a certain temperature. The general properties of .°!^  '* '^ ' ^ ^ ^"^ consists of 141 amino acid residues with a single 
this intermediate state are the presence of marked secondary ^'^ ^^ position 10 (Figure 1). Also each subunit has Uvehe P-
structures, massive or significant loss of tertiary structures together strands arranged in a P-prism-1 fold. BL is known to act as a potent 
with exposed hydrophobic clusters [5 7]. The available literatures inhibitor of HIV replication which is main perpetrator in tfie list of 
support that the molten globule state (and other nonnative states of ^^*^ diseases |20]. In this work, we investigated the unfolding of 
protein molecule) can stay in living cells and can be mixed up in a ^ ^ '^ acidic pH using several spectroscopic as weU a^  hydrody-
number of physiological processes owing to the fact that the namic techniques. The stability of the protein was compared 
negative electrostatic potential of the cell surface may attract under different conditions using temperature and chemical 
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Ligand-induced conformational changes are of immense importance for the biological activity of a protein. An in-depth 
understanding of salutary and deleterious effects of ligand-induced conformational alterations in single- and multi-chain 
proteins would lend a hand in human welfare. Unlike single-chain proteins, the function of multichain proteins depends 
upon the inherent properties of the subunit interfaces. The interfaces of temporary oligomeric proteins and the active 
sites of enzymes are of similar characteristics but the interfaces are more conservative than the active sites. Therefore, 
these interfaces may possibly be represented as drug targets by inhibition or induction of the oligomerization process. 
Thus without detailed structural understanding of ligand-induced conformational changes in a protein, structure-based 
rational drug designing is a great challenging task. So the purpose of this review is to clarify or enlighten the reader at 
the degree of internal motions related to protein backbone and side-chain flexibility which occur on binding of small 
molecule to a protein target. This can prove helpfiil to improve the conformational prediction for a protein-ligand com-
plex. Besides a detailed description of protein-ligand interaction, this review also focuses on structure-activity relaiion-
ships of protein which will surely help in the rational drug designing. 
Keywords: aggregation; conformational alteration; drug designing; protein-ligand interactions; protein stability; struc 
ture-fiinction relationship 
Introduction 
Most of the physiological processes are associated with 
complex formation between protein and ligand. The pro-
teins associated with the physiological process are either 
directly or indirectly affected by ligands (Alberts et al., 
2002). These ligands may be protein, peptide, small 
chemical compound, metal or ions. For instance an 
enzyme adenylyl cyclase, which involves in the break-
down of glycogen and fats, is stimulated by epinephrine 
and glucagon (Tomheimm & Ruderman, 2011). It is also 
stimulated by luteinizing hormone and antidiuretic hor-
mone in the synthesis of estrogen/progesterone and in 
conservation of water respectively. Furthermore, phos-
pholipase C is affected by Angiotensin during contrac-
tion of smooth muscles in blood vessels while in 
myocardial contraction, acetylcholine affect K"^  channel. 
Moreover, enkephalins, endorphins and opioids cause 
stimulation of Ca"^, K"^  channels which bring change in 
neuro-electrical activity (Lodish et al., 2000). Thus most 
of the endogenous and exogenous ligands are associated 
with enzymes, receptors and channels and bring changes 
in protein structure. The small changes are acquired fr-om 
the rearrangement of side-chains flexibility and/or back-
bone flexibility of loops in the vicinity of the active site 
ultimately changes in the radius of gyration. However, 
large-scale motions like partial unfolding/refolding of the 
protein structure, domain reorientations, domain closure 
(closed state) accompanied by loop motions (hinge-bend-
ing motions) were also observed. So, to understand how 
universal factors such as extent of hydrophobicity, degree 
of polarity, hydrogen bonding, solvation characteristics, 
electrostatic potential, conformational dynamics and con-
formational flexibility of a protein are altered upon 
ligand binding is of enormous significance. 
Besides the detailed mode of protein-ligana interac-
tions, the purpose of the present review is to enlighten the 
various ligand-induced conformations adopted by the pro-
tein molecules as the protein molecule adopts different 
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